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ABSTRACT
The ability of bare-rooted seedlings to survive and achieve 
maximum early growth once outplanted to the forest can influence the 
success of plantation establishment. This ability depends largely on 
the quality of seedlings produced, particularly their physiological 
condition. A critical indicator of physiological condition of 
seedlings is their potential for root regeneration (RRP). Numerous 
factors in the nursery and in the field influence RRP. This study 
investigates the effect of some environmental factors and nursery 
cultural practices on the RRP and shoot growth of P. vadiata seedlings. 
Environmental factors studied included nutrients, light intensity, 
photoperiod, air and soil temperature. The cultural practices examined 
were root- and shoot-pruning. All experiments were conducted in 
controlled environments. RRP of seedlings was assessed by counting 
numbers and measuring lengths of new root produced in a set period of 
time.
Given an adequate supply of nutrients throughout the growing 
period P. radiata seedlings showed a high capacity to regenerate roots 
following root-pruning and replanting into conditions of limited 
nutrient supply (-N, -P, -NP), whereas seedlings grown in a nutrient 
deficient situation showed poor growth and RRP when root-pruned and 
replanted into favourable conditions.
Photoperiod had little effect on RRP of seedlings, although 
shoot growth and root extension were slightly better under longer days. 
Growth and RRP of seedlings were depressed by low light intensity.
Seedlings showed a remarkable capacity to regenerate roots 
over a wide range of air (8°/4°C - 30°/25°C) and soil (5°-35°C) 
temperatures. Where air and soil temperatures were not independently 
controlled maximum shoot growth and RRP occurred within the temperature 
range of 21°/16°C to 27°/22°C. Where air and soil temperatures were 
independently controlled RRP was high at soil temperatures of 20°C to 
30°C, with a corresponding soil heat sum of 480 to 720 degree-hours.
Net photosynthesis, translocation of photosynthates to the roots and 
seedling water content were also high within this range.
iv
Under a favourable day temperature (27°C) with a small day/ 
night differential seedlings produced longer roots, but where the day/ 
night differential was greater seedlings directed more growth energy 
into height increase.
The greater the proportion of shoot or root pruned from 
seedlings the lower the RRP. However, given favourable environmental 
conditions, even the most severely root-pruned seedlings showed evidence 
of root initiation.
Root-pruning per se caused a disturbance in a number of 
physiological processes including photosynthesis, dark respiration, 
stomatal behaviour and moisture relations. Under favourable 
environmental conditions seedlings were able to adjust to this 
disturbance within eight days of being root-pruned. There followed a 
gradual resumption of both shoot and root growth.
The practical implications of these findings in relation to 
nursery practice and seedling establishment are discussed. In 
conclusion, the quite spectacular success of P. radiata as a 
plantation species is seen as being due, at least in part, to the 
extraordinary capacity of this species to regenerate roots under a wide 
range of environmental conditions.
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1CHAPTER 1
INTRODUCTION
1.1 GENERAL
Increas ing demands f o r  f o r e s t  products  have sparked much 
i n t e r e s t  in p l an t a t i o n  f o r e s t r y  throughout  the world.  In A u s t r a l i a ,  
a softwood p l an t ing  program began in the l a t e  1800's and has cont inued 
in a t tempts  to overcome the s h o r t f a l l  in t imber suppl i es  from the 
hardwood f o r e s t s  (Florence and Shepherd,  1975),  and to provide a 
cont inuous source of  wood f o r  domest ic i ndus t ry .  The -fast  growth r a t e  
and high p r od uc t i v i t y  o f  the exo t i c  softwoods have enabled Aus t r a l i a  
to produce a s i g n i f i c a n t  quan t i t y  of  wood for  p resen t  needs but 
p red i c t i ons  of  an increased  wood demand e a r ly  in the t w e n t y - f i r s t  
century suggest  the  p r o d u c t i v i t y  of  A u s t r a l i a ' s  f o r e s t s  need to be 
increased by approximately 100 per cent  to meet the s t a t ed  ob j ec t i ve  
of net  s e l f - s u f f i c i e n c y  (Forwood, 1974).  The e s t ab l i shment  of 
add i t i ona l  p l a n t a t i o n s  o f  f a s t  growing species  appears to be a s a t i s ­
f ac tory  s o l u t i on  to t h i s  problem. A t a r g e t  of  1.14 mi l l i on  hecta res  
of  p l a n t a t i on  (softwood and hardwood) has been proposed (Forwood, 1974).
Pinus ra d ia ta  D. Don i s  the most impor tant  commercial exot i c  
softwood planted in the Southern Hemisphere.  In 1975 some 35,250 
hec ta res  of P. ra d ia ta  p l a n t a t i o n s  were e s t a b l i s he d  in Aus t r a l i a  
(approximately 66% of  the  t o t a l  area p l an t ed ) ,  br inging the t o t a l  area 
of  P. ra d ia ta  p l a n t a t i o n s  to 394,400 hecta res  (For.  Timb. Bur . ,  1976).
In New Zealand,  19,500 hec t a re s  of  P. ra d ia ta  were e s t ab l i s he d  in 1975 
giving a t o t a l  of  240,600 hec ta res  planted to P. ra d ia ta  (Rept.  Dir.
Gen. F o r . , N.Z. , 1976).
P l a n t a t i o n s  may be e s t a b l i s he d  on a wide v a r i e t y  of  s i t e s  
ranging from high q u a l i t y  s i t e s  fo r  seedl ing growth to those which 
are marginal  for  growth (Brown and Hal l ,  1968; Florence,  1969; Hopkins, 
1971b; Shepherd,  1971).  In a l l  i ns t ances  c u l t u r a l  p r a c t i c e s  of i n i t i a l  
s i t e  p r epa r a t ion ,  and a p p l i c a t i o n s  of  f e r t i l i z e r s  and weedicides can 
markedly inf luence  the i n i t i a l  survival  of  seedl ings  and t h e i r  
subsequent  growth (Windsor,  1972; South,  1975; Woods, 1976; Menzies,  
1977).
2The influence of s i t e  and cultural  treatments on seedling 
growth has also been demonstrated quite dramatically by reported 
losses in productivity of P. ra d ia ta  stands in the second rotat ion on 
s i tes  in South Austral ia and New Zealand (Stevens and Bond, 1957;
Lewis and Harding, 1963; Stone and Will,  1965a; Keeves, 1966; Bednall, 
1968; Whyte e t  a l .  , 1969; Berg, 1975).
The decline in productivity in the second rotat ion has been 
a t t r ibuted to a variety of factors including depletion of nutr ient  
supply, depletion of soil water, inhibi t ion of root or seedling growth 
due to the presence of toxic residues or soil  micro-organisms, changes 
to the establishment pract ices due to residual stumps and roots and 
changes in the genetic const i tut ion of the planting stock (Lewis and 
Harding, 1963; Stone and Will ,  1965a; Raupauch, 1967; Bednall, 1968; 
Florence and Lamb, 1971; For. Timb. Bur.,  1971a; Squire, 1975).
Recent studies of re-establishment of P. ra d ia ta  on the second 
rotat ion s i tes  have indicated that  s i t e  cul t ivat ion and applications 
of f e r t i l i z e r s  and weedicides can improve survival and maximum early 
growth to the estimated s i t e  potential  (Wds. For. Dept., S.A., 1970, 
1975, 1976a,b; W.A. For. Dept., 1974, 1975, 1976; Boardman, 1974;
Berg, 1975; Woods, 1976). Addit ionally,  the nutr ient  s tatus of the 
seedlings at  planting appears to influence t he i r  subsequent performance 
(Donald, 1968; Woods, 1976).
In addit ion to cultural  treatments within the plantat ion 
i t s e l f  and the climatic factors which prevail during and following 
plant ing,  the condition of the seedlings at  the time of planting can 
play a major role in determining the rate at  which seedlings are able 
to establ ish themselves, the rate of development of the plantat ion,  
and i t s  ultimate productivity.
Factors such as nut r ient  resources avai lable within the 
seedlings,  potent ial  for root regeneration and tolerance to drought 
may all  influence the rate and success of plantat ion establishment.
1.2 SEEDLING CONDITION AFFECTING SURVIVAL AND ESTABLISHMENT
Irrespect ive of planting conditions part  of the seedling 
response following outplanting is determined by the genetic,  morphol­
ogical and physiological condition of the seedling at  the time of 
planting.  Numerous authors s t ress  that  the physiological qual i t ies  
of the seedling are more important than e i ther  morphological
3character i s t i cs  or even most s i t e  conditions (Wakeley, 1948, 1954;
Stone, 1955, 1967a; Stone and Schubert, 1959a,b; Smith and Allen,
1962; Stone and Benseler, 1962; Stone et al. 3 1962, 1963; Walters 
and Kozak, 1965; Nelson and Switzer, 1966; Hermann and Lavender,
1967; Schubert and Adams, 1971; Stone and Jenkinson, 1971; Armson and 
Sadreika, 1974; van den Driessche, 1976). The seedling condition at  
the time of planting is in turn determined by conditions in the 
nursery in which the seedlings are raised.  The root regenerating 
potential  (RRP) has been found to be a good index of the physiological 
condition of planting stock (Stone and Jenkinson, 1971). This is 
controlled by cultural  treatments,  and the climatic and edaphic environ­
ment of the nursery and planting s i t e  (Bilan, 1961; Stone et al . 3 
1963; Schubert and Baron, 1965; Krugman and Stone, 1966; Stone, 1966, 
1967a,b; Larson, 1970; Larson and Whitmore, 1970; Stone and Jenkinson, 
1970, 1971; Day and Stupendick, 1974; Day, Stupendick and Butler ,
1976; Abod, 1977).
1.2.1 Inherent Factors
Inherent factors largely control the growth and development 
of seedlings (Kozlowski, 1955; Leopold and Kriedemann, 1975). Growth 
patterns vary among species of the temperate and tropical  regions of 
the world (Kozlowski, 1955; 1971a; Kramer and Kozlowski, 1960; Zahner, 
1968). With most temperate species a per iodici ty of growth and 
development is observed in both shoots and roots.  For example, shoot 
and root development are characterized by pronounced seasonal patterns 
of growth and dormancy. Reactivation of root growth and shoot flushing 
in spring,  and set t ing of dormant buds and cessation of root growth 
in autumn paral lel  the seasonal changes in the environment (Laing,
1932; Kozlowski, 1955, 1971a; Lyr and Hoffmann, 1967; Merr i t t ,  1968; 
Zahner, 1968; Sutton, 1969; Lathrop and Mecklenburg, 1971; Wareing, 
1971).
Inherent seasonal patterns in the ab i l i ty  of seedlings to 
regenerate roots has been reported for a number of nursery-grown 
conifers including Pseudotsuga menziesii (Mirb.) Franco and Pinus 
ponderosa Laws. (Stone, 1955, 1966, 1967a,b; Schubert and Stone, 1958, 
1959a,b; Stone et al . 3 1962, 1963; Winjum, 1963; Todd, 1964; Schubert 
and Baron, 1965; Krugman and Stone, 1966; Hermann and Lavender, 1967; 
Stone and Jenkinson, 1971), Pinus taeda L. (Bilan, 1961), Taxus 
hunnewelliana Rehd. (Lathrop and Mecklenburg, 1971), Picea glauca
4(Moench) Voss, Picea mariana (Mill.) B.S.P. and Pinus banksiana
Lamb. (Stupcndick, 1973; Day and Stupendick, 1974; Day, Stupendick 
and Butler, 1976). All of these species set dormant buds and exhibit 
distinctive inherent growth patterns which can be largely modified 
by environmental factors. The possible modifications which can be 
in terms of either quantity and/or timing of growth, again vary with 
species.
The existence of periodic growth patterns in temperate 
species restricts the time at which seedlings may be lifted and planted 
out. Lifting and planting must be carried out at the time when 
seedlings are physiologically ready, that is, when RRP is high.
This is particularly important when the planting site requires rapid 
root regeneration (Stone, 1967a, Stone and Jenkinson, 1971).
Unlike the temperate species P. radiata and most tropical 
and sub-tropical pines do not exhibit a definite dormant period. The 
pattern of shoot growth of P. radiata is variable in that it continues 
indefinitely or recommences whenever environmental conditions are 
favourable (Fielding, 1955, 1966; Shepherd, 1964; Cremer, 1972). 
Krugman, Stone and Bega (1965) found that RRP of this species, like 
its shoot growth, may continue at a high rate throughout the year with 
only periodic increases in root growth coinciding with flushing at the 
onset of more favourable environmental conditions. Thus, P. radiata 
seedlings are intrinsically capable of being raised, lifted and 
planted at any time of the year (Moberly, 1970). However, this 
characteriStic may be disadvantageous for coping with harsh field 
conditions including frost and drought, unless the seedlings are 
adequately conditioned in the nursery.
1.2.2 Nutritional Status
The nutritional status of seedlings at the time of lifting 
is largely determined by the availability of nutrients in the nursery 
soil (Switzer and Nelson, 1963; Meyer and Tukey, 1965, 1967; Benzian 
and Freeman, 1967; Meyer and Spi1tstoesser, 1971; Sanada, 1971;
Will, 1971a; Knight, 1973; Benson, 1976a; van den Driessche, 1977), and 
the ability of seedlings to absorb them. Nursery soil management is, 
therefore, an important nursery practice influencing seedling 
nutritional status as well as other morphological and physiological 
character!*stics of seedlings (Armson and Sadreika, 1974). Once out- 
planted, the seedlings must rely on their accumulated nutrient reserves
5until  new roots are extended into the soil  to reach and absorb 
nut r ients .  In this sense, nut r ient  reserves appear to be an important 
factor  influencing seedling survival and establishment.
Numerous studies with many species,  all  indicate that  
improved nursery f e r t i l i z a t i o n  throughout the growth period and/or 
prior  to l i f t i n g  produces seedlings with large nutr ient  reserves and 
increased survival and growth rates once outplanted (Wilde e t  a l . 3 
1940; Allen and Maki, 1955; Stoeckeler and Jones, 1957; Switzer and 
Nelson, 1963; Anderson and Gessel, 1966; Smith e t  a l . 3 1966; Benzian 
and Freeman, 1967; Burns and Brendemeuhl, 1971; Sanada, 1971; Machek, 
1972/1973; Benzian e t  a l . 3 1974; Lüpke and Lewinski, 1974; Ostrowska, 
1974; Mull in and Bowdery, 1977). Donald (1968) found that  P. ra d ia ta  
seedlings raised with inorganic f e r t i l i z e r  in the nursery grew s ig ­
ni f icant ly  bet ter  in diameter and height during the f i r s t  year in the 
f ie ld  than those raised without f e r t i l i z e r .  Woods (1976) also 
describes a f ie ld  t r i a l  with P. ra d ia ta  seedlings showing that  seedling 
height growth a f t e r  outplanting was improved by addition of nitrogen 
f e r t i l i z e r  in the nursery. However, in some studies i t  has been 
shown that  f e r t i l i z a t i o n  prior  to l i f t i n g  has a detrimental e f fec t  on 
f i e ld  survival (Ursic, 1956; Shoulders, 1959a). Shoulders (1959a) 
concluded that  f e r t i l i z e r  applicat ion pr ior  to l i f t i n g  may be useful 
when nut r i t ional  levels are low, but that  wholesale applicat ion may 
be damaging to seedlings.
Seedling response to f e r t i l i z e r  may be evaluated in a number 
of ways. One of the most beneficial  aspects of improved nursery 
f e r t i l i z a t i o n  is an increase in the number of seedlings of plantable 
size (Stoeckeler and Jones,  1957; Stoeckeler and Arneman, 1960;
Benson, 1976a; Minko and Craig, 1976). Also, the f ie ld  performance of 
P. ra d ia ta  seedlings during the early years a f t e r  t ransplanting largely 
depends on seedling size (Fowells, 1953; Anstey, 1971; Pawsey, 1972; 
Minko, 1972, 1974; Benson, 1976a; Benson and Shepherd, 1976; Minko 
and Craig, 1976). On the other hand, f e r t i l i z a t i on  may reduce seed­
ling qual i ty by promoting more shoot growth than root growth (Brouwer, 
1962; Benson, 1976a), resul t ing in seedlings with a low root:shoot 
rat io  which are poorly adapted physiologically to survive under 
adverse conditions of drought or f ros t  (Shirley and Meuli, 1939; Wilde 
and Voigt, 1949; Shoulders, 1959a; Stoeckeler and Arneman, 1960;
Benson, 1976a). Timing f e r t i l i z e r  applicat ions late  in the season 
has been shown to increase drought resistance in a number of conifers
6(Kopitke, 1941; Anderson and Gessel, 1966) but fert i l izat ion of 
P. ra d ia ta  which has no real dormant period can induce succulent new 
growth which may be susceptible to frost and drought damage.
1.2.3 Moisture Status
Moisture status is a cri t ical  factor influencing survival 
and early growth of seedlings once outplanted to the forest (see 
authors cited by Wakeley, 1954; Williams, 1975; Lavender and Hermann, 
1976). Factors such as water loss from seedlings during l i f t ing,  
grading, packing, storage and transi t  to the planting si te can deter­
mine the moisture status of seedlings at planting (Tarrant, 1964; 
Schubert and Adams, 1971; Armson and Sadreika, 1974; Benson, 1976b).
The balance between transpiration and absorption of moisture determines 
whether or not cri t ical  internal water stresses develop in plants 
(Newton, 1973; Kozlowski and Davies, 1975). If the root surface is 
inadequate to supply the water lost by the shoots through transpir­
ation, internal water deficits will inevitably follow. The size and 
growth activity of the shoot at the time of planting can affect the 
balance between transpi ration and absorption and hence ini t ial  survival 
of the seedling. Shoots which are large relative to root surface 
during the root regeneration periodarenot desirable when evaporative 
stress is high because this results in moisture stress in seedlings 
(Stone, 1966). Where shoots are growing actively, transplanting 
frequently results in wilting or subsequent death of the leader due 
to the development of adverse internal water balances (Rook, 1969a; 
Benson, 1974). Shoot-pruning (Stoeckeler and Jones, 1957; Anon.,
1968; Bacon, 1975; Lavender and Hermann, 1976) and needle clipping 
(Wakeley, 1954; Langdon, 1955) have been used for some species in 
attempts to improve the root:shoot balance of seedlings under the 
assumption that higher root:shoot ratios will reduce transpiration 
and the probability of cri t ical  water stress developing in seedlings.
Lifting and transporting of seedlings can cause gross mech­
anical damage to seedling root systems. Many of the root tips and long 
absorbing roots are broken or desiccated before seedlings are planted 
(Wakeley, 1954 and others cited by Sutton, 1969). Consequently, 
an immediate and severe water deficit  could develop in the transplanted 
seedling (Kozlowski, 1968; Kozlowski and Davies, 1975). For 
P. ra d ia ta 3 severe water deficits due to transplanting have resulted
7in w i l t in g  and eventual death of the whole seedling (Rook, 1969b;
Benson, 1974, 1976a; Benson and Shepherd, 1977). Recent inves t ig ­
ations with Picea abies (L.) Karst by Giirth (1970), Lüpke (1973) 
and Havranek (1975), as discussed by Lavender and Hermann (1976), 
also showed that damage to the root systems of  seedlings transported 
from the seedbed to the planting s i te  reduced water uptake and was 
a pr inc ipal  reason fo r  the observed transplant shock.
Despite the damage to roots caused by l i f t i n g ,  transpor t ing , 
and planting, seedlings may be able to take up water fo r  a short time 
a f te r  planting given adequate moisture in the soi l  (Kramer, 1933,
1946; Kramer and Bullock, 1966; Chung and Kramer, 1975). However, 
fo r  survival i t  is essential that seedlings regenerate new roots to 
explore new soi l  areas to tap water and nu tr ien t  reserves. High 
physiological qua l i ty  of seedl ings, in terms of  root regeneration 
potentia l  (RRP), therefore improves survival p r in c ip a l l y  by 
ensuring that  water uptake in seedlings immediately a f te r  planting 
equals or exceeds water loss (Wakeley, 1948, 1954; Kozlowski and 
Davies, 1975; Lavender and Hermann, 1976). Havranek (1975) observed 
that P. abies seedlings with low RRP suffered severe water loss and 
growth check which adversely affected formation of primordia fo r  the 
next years terminal growth. Day and MacGill ivray (1975) s im i la r ly  
found that Picea glauca seedlings with lowest RRP were under the 
highest moisture stress when measured 40 days a f te r  transplanting into 
various soi l  moisture regimes.
Because of  the greater s u s c e p t ib i l i t y  of P. radiata seed­
l ings to environmental stresses ( i . e . ,  drought, f ro s t )  due to th e i r  
act ive growth habi t,  e f fo r ts  are made to condit ion seedlings to 
withstand the stresses to which they are subject during and a f te r  
planting to the fo res t .  Increased resistance to drought, in pa r t icu la r ,  
can be increased in P. radiata seedlings by undercutting the roots 
and root wrenching (Rook, 1969a, 1971; Cameron et al. 1970; van 
Dorsser and Rook, 1972; Benson, 1974; Benson and Shepherd, 1977) 
or by res t r ic ted  watering (Rook, 1973).
Undercutting the roots and root wrenching modify many 
morphological and physiological aspects of seedling growth. A f te r  
outp lanting, wrenched seedlings produce a large number of active root 
t ips  with a greater to ta l  surface area. Such root systems are more 
e f f i c i e n t  in absorbing water and are able to maintain high internal 
water contents under adverse conditions (Cameron and Rook, 1969b;
8Rook, 1969b, 1971; van Dorsser and Rook, 1972; Benson, 1974;
Benson and Shepherd, 1977). The more favourable water status enables 
the seedlings to photosynthesize and grow soon a f te r  planting while 
unwrenched seedlings succumb more readi ly  to unfavourable conditions.
Modificat ions in watering in the nursery can also influence 
the development of drought resistance in seedlings. Early experiments 
by Shir ley and Meuli (1939) showed that  drought resistance of 
Pinus vesinosa A i t . , Pinus strobus L. and Pinus banksiana was increased 
by subjecting seedlings to moderate so i l  drought during the period of 
vegetative a c t i v i t y  in the nursery. S im i la r ly ,  Rook (1973) improved 
the water status of P. vadiata seedlings by res t r ic ted  watering s ix  
weeks p r io r  to transplanting. These seedlings had a more e f f i c ie n t  
stomatal regulat ion of  water loss and enhanced RRP a f te r  planting.  
Non-stressed plants produced fewer roots; a condition c r i t i c a l  to 
survival on some s i tes .  Unterschuetz et at. (1974) also found that 
res t r ic ted  i r r i g a t io n  of Pseudotsuga menziesii seedlings resulted in 
a lower decrease in t ransp ira t ion  in response to low plant water 
potentia l  than did well-watered plants.
While condit ion ing seedlings p r io r  to l i f t i n g  is widely 
practised to increase f i e l d  performance of P. vadiata under a wide 
range of environmental conditions the importance of maintaining 
favourable moisture supply throughout the growing season in the nursery 
cannot be ignored. Minko (1976) found that P. vadiata seedlings 
grown under soi l  moisture potentials of -0.3 and -0.8 bars performed 
better  once outplanted than those grown under so i l  moisture potentials 
of -1.5 and -1.9 bars. In the former condit ions, the seedlings 
produced were of higher q u a l i ty ,  i . e . ,  greater root development, shoot 
height and diameter, which accounts fo r  the greater success in the 
forest .
1.2.4 Stored Food Reserves
Seedlings l i f t e d  from the nursery usual ly undergo severe 
physiological shock, and i t  takes some time before roots establ ish 
int imate contact with the s o i l .  Because of th e i r  res t r ic ted  a b i l i t y  
to take up water and nu t r ien ts ,  i n i t i a l  seedling survival and es tab l ish­
ment must also depend on the food reserves accumulated in the nursery.
Wakeley (1954) suggests that stored food reserves may be 
required fo r  the development of new root t issue to allow water uptake.
9Evidence fo r  a re la t ionship between food reserves and root growth 
has been reported by a number of researchers. Hartmann and Kester 
(1968) and Kozlowski (1971a) review the importance of carbohydrates 
in the rooting of plant cut t ings,  and Richardson (1953b, 1956) showed 
that when photosynthesis is  reduced in Acer saccharinum L. seedlings 
by lowering the l i g h t  in tens i ty  or the temperature, root growth 
depended on food reserves in the leaves. Such a decl ine in photo­
synthesis could be expected in seedlings a f te r  planting (e.g. Abod, 
1977). More recently L i t t l e  (1970) concluded that high levels of 
starch in the shoots of Abies balsamea (L.) M i l l ,  may improve th e i r  
root growth fo l lowing spring transplant ing. In another study,
Etter and Carlson (1973) suggested that the supply of sugar from the 
shoot may be a deciding fac tor  in the occurrence of root growth in 
stored Pinus contorta Dougl. a f te r  t ranp lan t ing . In contrast,
Gilmore (1962, 1964) found no corre la t ion between root growth of 
Pinus taeda and carbohydrate content of the root at the time of 
plant ing. Ronco (1973) s im i la r ly  found that survival of f i e l d  planted 
Picea engelmannii Parry was not correlated with food reserves in 
seedlings above the c r i t i c a l  level but, up to th is  c r i t i c a l  level 
carbohydrate reserves were important to surv iva l .
Fluctuations in food reserves, re lated to the seasonal shoot 
and root growth pattern in transplanted seedl ings, have been reported. 
Krueger and Trappe (1967) observed a nearly coincident t iming during 
winter and spring of  carbohydrate peaks and maximum RRP in 
Ps. menziesii. They inferred from th is  an important role of food 
reserves in RRP. Winjum (1963) also working with Ps. menziesii 
found that non-reducing sugar contents in the shoot para l le led root 
production throughout the year.
The food reserves of  seedlings can be modified p r io r  to 
planting by various nursery pract ices.  Undercutting of roots and root 
wrenching cause s ig n i f ic a n t  changes in sugar and starch concentrations 
of seedlings (Rook, 1971; Bacon, pers.comm.). Rook (1971), fo r  
example, showed root wrenching P. radiata seedlings at weekly or two­
weekly in terva ls  increased starch levels s l i g h t l y  over unwrenched 
seedlings. Wrenching at monthly in te rva ls ,  however, greatly  increased 
the levels of reducing and to ta l  soluble sugars and starch compared 
to seedlings wrenched at weekly or two-weekly in te rva ls .
Ronco (1973) found that extended cold storage a f te r  l i f t i n g  
severely depleted food reserves. Ronco considers that reductions in
10
available reserves may not in themselves greatly affect the survival 
of planted seedlings, but adverse conditions of the site may reduce 
reserves below a cri t ical  level.
An additional role of food reserves in relation to field 
survival could be related to frost hardiness. Wakeley (1948) and 
Levitt (1972) cite a number of authors who have examined this role of 
food reserves.
1 .3 PURPOSE OF STUDY
In the light of the increasing importance of P. ra d ia ta as an 
economic species in many countries (e.g. Australia, New Zealand,
South Africa, Chile), i t  is highly desirable that further detailed 
studies of the physiology of P. ra d ia ta seedlings with respect to 
plantation establishment be init iated.  Seedlings must have the abili ty 
to regenerate new roots rapidly once outplanted to take full advantage 
of all the site has to offer during the f i r s t  years of establishment.
The factors influencing this ini t ial  root growth response following 
outplanting require serious attention. Studies on the survival, RRP 
and maximum early growth of P. ra d ia ta seedlings are limited.
The present study investigates the effects of various environ­
mental factors and nursery practices on the physiological condition of 
P. ra d ia ta seedlings, with particular reference to root regeneration 
potential. Knowledge of these effects may help determine the 
cri t ical  factors influencing planting stock survival and maximum 
early growth after seedlings are planted out.
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CHAPTER 2
ROOT REGENERATION POTENTIAL AND ENVIRONMENTAL FACTORS AFFECTING ROOT
REGENERATION POTENTIAL
2.1 ROOT REGENERATION POTENTIAL
The p h y s io lo g ic a l  c o n d i t io n  o f  the seed l ing ,  p a r t i c u l a r l y  
i t s  p o t e n t i a l  to  regenerate roo ts  (RRP) has rece ived cons ide rab le  
a t t e n t i o n  s ince the e a r l y  s tu d ie s ,  w i th  Pinus ponderosa and Pseudotsuga 
menziesii3 pioneered by Stone and h is  co-workers in  the 1950's (reviewed 
by Stone, 1966, 1967a,b;  Stone and Jenk inson , 1971). The importance 
o f  RRP in  terms o f  s u r v iv a l  and es tab l ishm ent  i s  we l l  recognized 
(Schubert  and Adams, 1971; Stone and Jenkinson , 1971; Armson and 
Sadre ika,  1974; van den Dr iessche,  1976; Lavender and Hermann, 1976).
In the assessment o f  RRP using Stone 's  techn ique ( f o r  d e t a i l s  see 
Chapter 3, Sect ion 3 . 3 . 4 ) ,  seed l ings are roo t -p runed  and trimmed o f  
remaining wh i te  ro o t  t i p s .  The p h y s io lo g ic a l  e f f e c t s  t h a t  t h i s  
t rea tment  has on seed l ings  may be regarded as s i m i l a r  to  those 
exper ienced by seed l ings a f t e r  r o o t -p r u n in g ,  unde rcu t t in g  and /o r  
wrenching in  the nursery  o r  by seed l ings  l i f t e d  and p lan ted  to  the 
f o r e s t .  Because o f  t h i s  s i m i l a r i t y ,  the response o f  seed l ings  under 
var ious t rea tment  con d i t io n s  would r e f l e c t  the seed l ing ’s RRP not  on ly  
once ou tp lan ted  bu t  a lso  f o l l o w in g  such nursery  p r a c t i c e s .
Genet ic (Chapter 1, Sect ion 1 .2 .1 )  and the env ironmental  
f a c to rs  o f  both the nursery in  which seed l ings are ra ised  and o f  the 
p la n t in g  s i t e  in f l u e n c e  the a b i l i t y  o f  a seed l ing  to  regenerate roo ts .
Of the env ironmental  f a c t o r s ;  s o i l  m o is tu re ,  l i g h t ,  and a i r  and s o i l  
temperature have been given g rea tes t  a t t e n t i o n  in  the s tudy  o f  RRP.
2.2 ENVIRONMENTAL FACTORS 
2.2.1 So i l  Mois ture
There has been a se r ies  o f  s tud ies  repor ted  by Stone and co­
workers (Stone, 1966, 1967a, 1968, 1970) to  determine the e f f e c t  o f  
s o i l  m o is tu re ,  va ry ing  from f i e l d  capa c i t y  to  j u s t  above the w i l t i n g  
p o in t ,  on the RRP o f  1-0 Pinus ponderosa seed l ings .  The au thors  
found t h a t  the RRP o f  seed l ings  o f  t h i s  species was depressed by 
l i m i t i n g  s o i l  mo is tu re  a v a i l a b i l i t y .  The magnitude o f  depress ion was 
determined by the c o n d i t io n  o f  the seed l ing  a t  t r a n s p la n t i n g .  Where
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seedlings were transplanted when root growth was ju s t  commencing and 
the potential  very high the roots continued to elongate in soi ls  
almost depleted of avai lable moisture. Where root growth had not 
yet commenced or was po ten t ia l ly  very low root elongation was 
res t r ic ted  in low soi l  moisture. Larson and Whitmore (1970) in th e i r  
study with 1+0 Queraus rubra L. seedlings transplanted in to  vermicul i te 
and water with polyethylene glycol solutions of various osmotic 
potential  found that shoot growth and the numbers, lengths, develop­
ment of  la te ra ls  and dry weight of  regenerated roots decreased with 
a decrease in osmotic po ten t ia l .  S imilar  reductions in RRP have been 
reported by Day and MacGill ivray (1975) fo r  autumn-l i f ted 2+0 Picea 
glauca seedlings transplanted under l im i t in g  soi l  moisture conditions. 
At lower so i l  moisture contents root regeneration was delayed and the 
rate of root elongation much reduced. In a f i e l d  study conducted on 
Pinus taeda3 Bi lan (1961) found that RRP was influenced by a number 
of environmental factors including soi l  moisture. I t  was found that 
the rate of growth of the la te ra l  and main root was higher under 
favourable so i l  moisture conditions than during soi l  moisture stress.
The studies reviewed so fa r  only deal with the e f fec t  of 
soi l  moisture in the planting condit ions. In addi t ion, so i l  drought 
in the nursery p r io r  to l i f t i n g  can also inf luence the capacity of 
seedlings to regenerate roots. This has been reported with P. glauca 
by Day, Stupendick and Butler (1976).
2.2.2 Light
Very l i t t l e  work has been reported on the inf luence of  l i g h t  
on RRP. However, i t  is well recognized that l i g h t  has a strong i n f l u ­
ence on root growth. Barney (1951), fo r  example, found that there was 
a rapid r ise  in the rate of root growth of P. taeda seedlings with 
increased l i g h t  in tens i ty  at low l i g h t  in te n s i t ie s .  S im i la r ly ,  Stone 
(1967a) reported that root elongation in Pinus ponderosa was enhanced 
at a l i g h t  energy of  42,000 f t -candle-hrs than at 35,500 f t -cand le -h rs . 
In a more recent study with Pinus caribaea Mor. and Pinus kesiya3 
Royle ex Gordon, Abod (1977) found that RRP, dry matter production 
and shoot growth increased with increasing irradiance from 25 to 75
_ o
watts-m . In another experiment Abod (1977) reported that RRP and 
photosynthesis of P. caribaea was reduced under 16% shade. Richardson 
(1953a) with Acer saccharinum L. and Webb (1976) with Acer saccharum
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Marsh, seedlings found that any change in l i g h t  in tens i ty  that 
affected photosynthesis resulted in concomitant changes in root 
elongation rates.
2.2.3 Temperature
Both a i r  and soi l  temperature have a s ig n i f ica n t  influence on 
the RRP of a seedl ing. Among the many early studies carr ied out on 
P. ponderosa in the United States (Stone and Schubert 1958, 1959a;
Stone and Benseler, 1962; Stone et al . 3 1963; Schubert and Baron, 1965; 
Krugman and Stone, 1966; Stone, 1967) most attention was focused on 
the e f fec t  of date of l i f t i n g  and preconditioning temperature in the 
nursery on RRP. In re la t ion  to preconditioning temperature i t  was 
found that RRP varied with the number of hours seedlings were exposed 
to low night temperature fo l lowing a regular growing season. High 
RRP was obtained fo r  seedlings exposed to a greater number of hours 
of low night temperature (Schubert and Baron, 1965; Krugman and Stone, 
1966; Stone, 1967a,b; Stone and Jenkinson, 1971).
In a study on the e f fec t  of s i te  factors on the establishment 
of P. taeda Bilan (1961) also found that seasonal var ia t ion in a i r  
temperature greatly influenced the rate of root growth of transplanted 
seedlings. In winter when a i r  temperature was low, RRP of seedlings 
was reduced. Abod (1977) found that with P. caribaea and P. kesiya 
maximum RRP was attained at moderate day temperatures (24°-27°C) 
and cool night temperatures (16°-19°C).
Apart from a i r  temperature, soi l  temperature of the planting 
s i te  also has a s ig n i f ic a n t  ro le  in inf luencing the RRP of a seedling.
I t  has been reported fo r  a number of species including P. ponderosa 
(Schubert and Baron, 1958, 1959a), Q. rubra (Larson, 1970), P. caribaea 
and P. kesiya (Abod, 1977) that low soi l  temperatures in the order of 
10°-15°C severely retard RRP of seedlings. For these species RRP 
appeared to be maximum between 20°-30°C. There are many other studies 
that can be ci ted in the l i t e ra tu r e  dealing with root growth of a 
number of species under various a i r  and soi l  temperatures (e.g.
Barney, 1951; Lyford and Wilson, 1966; Larson, 1967; Lavender and 
Overton, 1972). However, no spec i f ic  assessments of RRP were made 
in these studies.
I t  is apparent from the preceding review that RRP of seedlings 
is affected by various environmental factors. Thus in the study
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reported here, a number of these factors including nut r ients ,  l ight ,  
a i r  and soil temperature were examined.
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CHAPTER 3
AN OUTLINE OF GENERAL EXPERIMENTATION
The f a c i l i t i e s  and apparatus used are o u t l i n e d  in t h i s  
chapter  toge the r  w i th  a general d e s c r ip t i o n  o f  exper imental  m a te r ia ls  
and methods. S p e c i f i c  exper imental  techniques are d e a l t  w i th  in  the 
re leva n t  sec t ions .
3.1 CHOICE OF ENVIRONMENTAL FACTORS
Various environmental  f a c to r s  in f luence  the growth and 
development o f  nursery seed l ings .  The e f f e c t s  o f  some o f  these fa c to rs  
on the ro o t - re g e n e ra t io n  p o t e n t ia l  o f  P. radiata seed l ings has been 
in v e s t ig a te d .  With in  the l i m i t a t i o n s  o f  space and t im e,  the fo l l o w in g  
environmental f a c to rs  were examined: a i r  and s o i l  tempera tures,  
pho toper iod ,  l i g h t  i n t e n s i t y  and s o i l  n u t r i t i o n a l  s ta tu s .  The e f f e c t s  
o f  shoot-  and r o o t - p r u n in g , both standard nursery  p rac t ices  in 
P. radiata product ion  were also examined.
3.2 FACILITIES AND APPARATUS
3.2.1 Phytot ron F a c i l i t i e s  - Glasshouses and Cabinets
Experiments were c a r r ie d  out a t  the C.S . I .R .O.  CERES phy to t ro n ,  
Canberra and the Fores t ry  Department, A . N . u / c E R E S ,  as descr ibed by 
Morse and Evans (1962),  provides c o n t r o l l e d  environment space in  both 
glasshouses and cab ine ts .  Open glasshouses were maintained a t  the day 
temperature f o r  e ig h t  hours (0830-1630) and a t  a n ig h t  temperature 5°C 
lower f o r  the remaining s ix teen  hours.  Mean a i r  temperatures were 
c o n t r o l l e d  w i t h in  ± 1.5°C o f  the s t i p u l a t e d  temperature.  R e la t ive  
hum id i t y  was kept above 40%. The n o r t h e r l y  o r i e n t a t i o n  o f  the g la s s ­
houses al lows f o r  maximum use o f  na tu ra l  l i g h t .  E igh t  hours o f  low 
incandescent l i g h t i n g  (0600-0800, 1600-2000) provides extended 
i l l u m i n a t i o n  o f  about 25 f . c .  at  p la n t  he igh t .
N a t u r a l l y - l i t  'C' and 1B' cab inets  (Morse and Evans, 1962) 
w i t h in  the glasshouses prov ide mean a i r  temperature con t ro l  w i t h i n
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± 0.25°C. Photoperiod can be precisely controlled, that is,  extended 
by incandescent lamps or limited by automatic shutters. Higher 
relative humidity can be maintained in these cabinets compared to the 
glasshouse but day light intensity is reduced.
Art i f i cia l ly- l i t  LB cabinets (Morse and Evans, 1962) provide 
mean air temperature control to ± 0.25°C of the desired temperature 
and relative humidities above 40%. Fluorescent tubes (140 watts) 
supplemented by incandescent lamps provide constant radiation of 
635-835yEm ^sec (3000-4000 f .c. )  throughout the entire photoperiod.
The glasshouse at the Forestry Department is equipped with 
a thermostatically controlled heater and cooler. Glasshouse temperatures, 
however, can not be as closely controlled as in the phytotron and 
vary considerably throughout the year, from 10°C-35°C. The roof 
location and northerly orientation of the glasshouse makes maximum use 
of natural daylight. Fluorescent lamps were used to extend the photo­
period to sixteen hours. Relative humidity was not controlled. The 
a r t i f i c i a l ly - l i t  LBH cabinets available within the Forestry Department 
were similar to those at CERES.
3.2.2 Apparatus for Controlling Soil Temperature
The system used for controlling soil temperature in the air- 
soil temperature experiments is i l lustrated in Figure 3.1. Soil 
temperatures, independent of the cabinet air temperatures were maintained 
by means of water-filled tanks inside the LB cabinets. Each insulated 
tank (117 cm long x 29 cm wide x 29 cm deep - inside measure) was fi t ted 
with eight free-draining copper pots (14.8 cm diameter x 20.5 cm height) 
coated inside with a non-toxic plasticised asphalic compound.
Soil temperatures below the ambient air temperatures were 
obtained by circulating a brine of water-diluted glycol antifreeze 
from a refrigerated water-bath through the copper pipes along the 
bottom of each tank. The flow of brine was regulated by a manifold 
system mounted between two tanks.
Thermostatically controlled heating (Thermomix II -B.Braun 
Melsungen) maintained each water tank at the desired temperature, with 
an accuracy of ± 0.25°C. Continuous st irring (thermomixes) avoided 
temperature gradients developing within the tanks. Copper constantan 
thermocouples placed near the centre of the tanks and connected to a
Figure 3.1. 
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for controlling 
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Honeywell multichannel potentiometric recorder, monitered the tank 
water temperatures continuously. Actual so i l  temperatures were not 
constantly monitered. Dry bulb thermometers placed at various 
posit ions in the pots were checked from time to time and these showed 
soi l  temperature dif ferences did not d i f f e r  more than ± 0.5°C from 
the desired temperature.
3.2.3 Apparatus fo r  Measuring Photosynthesis and Respiration
The in f ra-red gas analyser (IRGA) used fo r  measuring 
photosynthesis and dark respirat ion was a Grubb Parsons, England,
Model SB2. The gas c i r c u i t  was an open system, as i l l u s t ra te d  in 
Figure 3.2. A ir  was drawn in to  the system from the roof of the 
bui ld ing. To el iminate any CO^  concentration gradients and to smooth 
any osc i l la t ions  in the flow rate due to the pump, the a i r  was s t i r red  
in a large drum. The a i r  coming from the drum was then divided in to  
two streams. One was taken as the reference a i r  sample to the gas 
analyser, the other to the assimila t ion chamber. The f low rate of 
the gas stream through the chamber was regulated by a ' FI os t a t ' 
regulator. Flow rates of 10-12 1/min were used. Flow rates of the 
gas stream, i . e . ,  entering and leaving the assimilat ion chamber and 
entering the IRGA,were checked with 'Gapmeter' flowmeters. The a i r  
returning from the assimila t ion chamber was passed through a water bath 
maintained at room temperature and a small port ion of the a i r  flowed 
to the IRGA as the sample a i r .  Excess a i r  was exhausted to the 
atmosphere. Both sample and reference a i r  were dried by passing 
through calcium chloride columns before entering the IRGA.
The IRGA was cal ibrated to measure the CO^  d i f fe re n t ia l  
against a background of 200 p.p.m. C02 in nitrogen. Attached to the 
IRGA was a range regulator with which the scale could be set to read 
zero, photosynthesis or resp ira t ion .  During measurement, the IRGA 
reading was displayed on a Heath Servo Recorder (Model EUW-20A). This 
was used in deciding the point at which photosynthesis or respirat ion 
was stable before the f in a l  reading was taken.
The assimila t ion chamber, made of c lear perspex (30.0 cm x 
28.0 cm x 50.5 cm) was situated inside an a r t i f i c i a l l y - l i t  LB cabinet 
(see section 3.2 .1) . A i r  was introduced near the top of the 
ass imila t ion chamber and exhausted near the base. Adequate s t i r r in g  
of a i r  by a fan, el iminated CO ,^ 02 and H20 vapour gradients and ensured 
temperature un iformity.
Figure 3.2 
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Air  temperatures wi th in the chamber were regulated by 
adjust ing the temperature co n t ro l le r  of the LB cabinet. Temperatures 
were monitored by a copper constantan thermocouple connected to a 
Honeywell mult i-channel potentiometric recorder. The LB cabinet 
provided l i g h t  in te ns i ty  up to 835yEm sec (4000 f . c . ) .  During 
measurement only the shoot portion of the seedling was enclosed in 
the assimi la t ion chamber. This was made possible by a removable, two- 
segmented d isc, with a 2 cm hole in the centre which was f i t t e d  to the 
bottom of the chamber. Modelling clay was used to make an a i r - t i g h t  
seal around the stem.
When required, root temperatures were maintained by wrapping 
the seedling container with towels soaked at the required temperature. 
When placed in an 18 cm polyfoam pot, th is  adequately maintained the 
desired temperature fo r  the measurement period.
14 143.2.4 Apparatus fo r  Feeding CO^  and Assay of C Radioactiv i ty
The seedlings were fed ^C 0o in a closed system as i l l u s t ra te d
 ^ 14in Figure 3.3. Each seedling received 5pCi of aqueous Sodium [ C]
Carbonate (speci f ic  a c t i v i t y  l.OmCi/mmol or 5.0mCi/mmol). was
generated by heating sodium carbonate and a few ml of 88% la c t ic  acid
14in a generating f lask .  The C09 was then pumped in to  the assimi lat ion
L -1
chamber by a c i rcu la t ion  of a i r ,  at the rate of 41.min fo r  ten 
minutes.
Before generating a potted seedling was introduced into
the assimilat ion chamber. The clear perspex chamber (16.5 cm x 26.5 cm
14x 61.0 cm height) was equipped with a fan fo r  mixing the CO^ . The 
chamber was situated in an LB cabinet (Morse and Evans, 1962), the 
temperature and l i g h t  in te n s i ty  was adjusted to match the growing 
condit ions of the seedl ings. The actual temperature in the assimi la t ion 
chamber was not monitored.
Plant parts to be assayed were oven-dried and weighed. Larger 
plant parts were ground through a 1mm mesh with a Wiley M i l l  (standard 
model). A Wiley laboratory m i l l ,  Micromodel, 40 mesh was used to grind 
the smaller mater ial.  One sample from each seedling component was 
assayed using the method described by O'Brien and Wardlaw (1961). A 
30 mg (or less) sample of  powder was placed in to  an aluminum planchet 
(1 cm diameter aperture) and counted fo r  ra d ioa c t iv i t y .  A Tracerlab- 
Omni/Guard Scaler, Model SC520M, with a th in window gas flow G.M. tube, 
counted the ra d io a c t iv i t y  of each sample fo r  a f ive  minute period.
Figure 3.3. 
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Corrections for background were made.
3.3 GENERAL EXPERIMENTAL PROCEDURES
3.3.1 Raising Seedlings
To obtain uniform germination P. vadiata seeds were soaked 
in distilled water and refrigerated for two to three days prior to 
sowing. Seeds were sown in germination trays filled with a 1:1 
perlite and vermiculite mixture. To prevent any possible damage to 
the developing rootlets tap water only was applied until the seedling 
cotyledons had fully emerged.
The seedlings were transplanted three to four weeks after 
sowing, when lateral rootlet and primary leaf development was evident. 
Root damage during transplanting was minimized by flooding the seed 
trays with water before carefully removing the seedlings. Only 
healthy seedlings with wel1-developed, undamaged root systems and 
shoots were potted in 13 cm or 15 cm pots with a moist 1:1 perlite: 
vermiculite mixture. More than the required number of seedlings were 
transplanted, to allow for mortality and further selection for 
uniformity of size before the actual treatments.
Experimental stock was raised in either the controlled 
environments at CERES or the Forestry Department glasshouse. For some 
experiments, department raised stock was transferred for use at CERES.
3.3.2 Selection of Seedlings for Experiments
The selection procedure adopted for all experiments includes 
the following steps. Seedlings were first culled from the potted 
stock on the basis of visible morphological shoot abnormalities, e.g., 
double leaders, deformed stem, discolouration. From the remaining 
seedlings, a predetermined number with the most uniform stem diameters 
and heights and to a certain extent, size of root system were chosen 
for the experiments. Even with a large number of seedlings to chose 
from, uniformity in size of root system as well as uniformity in shoot 
size was most difficult to achieve. The physical limitations of space 
and the laborious task involved in assessing root regeneration 
potential limited the sample size used.
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3.3.3 Maintenance of Seedlings
Seedlings for most treatments, once transplanted were watered 
twice daily. At CERES a modified Hoagland nutrient solution (see 
Appendix I) was added in the morning and tap water in the afternoon. 
Seedlings under high temperature regimes, e.g., 30°/25°C, were given 
an additional mid-day application of tap water. At the Forestry 
Department, seedlings were given tap water twice daily. A diluted 
Aquasol nutrient solution was applied weekly. Where nutrient supply 
was to be controlled demineralized, de-ionized or distilled water was 
used in place of tap water.
Root exposure resulting from washing out of planting medium 
during watering was checked throughout the growing period prior to 
and after treatment. Whenever possible, seedlings were shifted 
periodically to minimize any position effects in the glasshouse or 
cabinet.
3.3.4 Method of Root-Pruning and -Trimming for RRP Assessment
The method adopted for pruning and trimming a seedling root 
system to ascertain its root regenerating potential (RRP) was a 
modification of the technique evolved by Stone and co-workers (Stone, 
1955, 1966, 1967a; Stone and Schubert, 1959a, 1959b; Stone and Benseler, 
1962; Stone et al. , 1962, 1963; Krugman and Stone, 1966; Stone and 
Jenkinson, 1971). It involved the following procedures. Seedlings 
were removed from the pots and the root systems washed free of planting 
media. The roots were carefully extended and pruned at a specified 
length from the cotyledons, usually 21 cm. All white root tips, 
unless specified otherwise, were pinched off with forceps. Broken, 
pruned and trimmed roots were retained when estimates of total root 
removed were required. The root systems were kept moist with running 
water at all times. Exposure was kept to as short a period of time 
as possible. However, this was largely dependent upon the number of 
actively growing roots on the root system.
The seedlings were then replanted into a moist 1:1 perlite 
and vermiculite mixture and placed into the treatment for a specified 
length of time.
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3.3.5 Harvesting Seedlings
Seedlings were harvested three to four weeks a f te r  root- 
pruning and -trimming in most experiments. At most harvests, stem 
diameter and height were remeasured. Gas exchange, internal moisture 
stress, re la t ive  t u r g id i t y  and stomatal resistance were also measured 
at th is  time in some experiments.
A f te r  a l l  measurements were made, the seedling stem was cut 
10 cm below the cotyledons and placed in a bag fo r  drying. For trans­
location studies the shoot was separated in to  stem and branch 
components. Further separation of l i v e  needles or needle portions 
from those dead or p a r t i a l l y  desiccated was required fo r  gas exchange 
estimates.
The root system was immersed in water and ca re fu l ly  washed 
free of growing media. The number and length of a l l  new white roots 
were measured, except in experiments where only roots above specif ied 
lengths were measured.
Root regeneration potentia l  (RRP) of the seedlings was based 
on the to ta l  number and length of new white roots produced. Further 
separation in to  the to ta l  number of short roots (SR) and long roots (LR) 
was made, with the lengths del ineating short and long roots specif ied 
in each experiment.
D i f fe re n t ia t io n  between la te ra l  root i n i t i a t i o n  potential  
and la te ra l  root elongation po ten t ia l ,  together referred to as RRP by 
Stone and Benseler (1962) and Stone e t  a t .  (1962) was not made. This 
was largely  due to the fac t  that the o r ig in  of a l l  the new root growth 
could not be readi ly  determined in a l l  treatments. At high temperatures 
especia l ly , rapid suberizat ion of new roots even a f te r  three weeks 
made i t  d i f f i c u l t  to determine which roots were newly regenerated, le t  
alone which were newly elongated or i n i t i a t e d .
The root and shoot components were oven dried in a forced- 
a i r  oven at 80°F fo r  at least 48 hours before weighing.
3.4 GENERAL PLANT PARAMETERS MEASURED
The parameters measured in  a l l  experiments are discussed in 
t h i s  sec t ion .  Those parameters s p e c i f i c  to  some experiments are 
discussed in  the re le v a n t  sec t ions .
( i )  Stem d iameter was measured 10 mm below the coty ledons .  The 
area was inked f o r  cons is tency  in  the i n i t i a l  and f i n a l  measurements. 
Three v e r n ie r  c a l i p e r  readings were taken around and a t  r i g h t  angles 
to  the stem and t h e i r  average recorded as the stem d iameter.  Measure­
ment was made in  mm to  the nearest  two decimal places.
( i i )  Stem he igh t  was measured as the d is tance from the cotyledons 
to  the approximated apex. Minimal handl ing was requ i red  to  avoid 
damage'to the d e l i c a te  apex. Unavoidably ,  t h i s  measurement was 
s u b je c t i v e  but reasonably c o n s is te n t  es t imates were obtained w i th  
p ra c t i c e .  Measurement was made in  cm to  the nearest  two decimal places.
( i i i )  Root regenera t ion  p o te n t ia l  was assessed by measurement o f  
a number o f  roo t  parameters i n c lu d in g  the f o l l o w in g :
SR: the t o t a l  number o f  newly regenerated sho r t  wh i te  roo ts
per s e e d l in g .  Short roo ts  were def ined as roo ts  below a c e r ta in  
s p e c i f i e d  le ng th ,  the leng th  chosen va r ied  w i th  experiment.
LR: the t o t a l  number o f  newly regenerated long wh ite  roo ts
per seed l ing .  Long roo ts  were def ined as roo ts  above a c e r ta in  
s p e c i f i e d  le n g th ,  the leng th  chosen var ied  w i th  exper iment.
GT: the t o t a l  number o f  newly regenerated wh ite  roots  per
s e e d l i n g .
TL: the t o t a l  length  o f  newly regenerated wh ite  roo ts  per
seed l ing .  In some exper iments,  on ly  those roo ts  above a c e r ta in  
length  were measured, t h i s  length  var ied  w i th  exper iment.  Measurement 
was made in  cm to  the nearest  one decimal place.
( i v )  Dry weights o f  seed l ing par ts  were determined a f t e r  oven­
d ry ing  the m a te r ia l  f o r  a t  le a s t  48 hours.  Before we igh ing,  the 
m a te r ia l  was cooled to  room temperature in  des ic c a to rs .  The seed l ing 
par ts  g e n e ra l l y  in c luded :  a) the var ious  components o f  the shoo t,  i . e . ,  
branches, stems, needles - both green and dead, and b) var ious 
components o f  the r o o t ,  i . e . ,  newly regenerated ro o t s ,  res idua l  roo t .  
Measurement was made in  grams to  the nearest  two or three decimal 
places.  Root:shoot r a t i o s  o f  seed l ings were determined on a dry 
we ight bas is .
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3.5 CALCULATIONS AND ANALYSIS 
3.5.1 Calculations
(1) Mean re la t ive  growth rates of diameter and height were
calculated in most experiments, using the formula discussed by Radford 
(1967), Sestak, Catsky and Jarvis (1971) and Ledig (1974). The 
ca lcu la t ion was as fol lows: Mean re la t iv e  growth rate (RGR)
= lnX2 - lnX1
where X2 = diameter, height at time t^
X-j = diameter, height at time t-j
t-j and t^  are times of i n i t i a l  and f in a l  measurement respective ly.
(2) The rate of CO^  exchange, photosynthesis and dark resp i ra t ion ,  
was calculated using the fol lowing formula:
Net Photosynthetic Rate = AR x F x 44 x 273 x P x 60 x 10^
(mg/g/hr) g x 22.414 x T x 1013 x 10^
where AR = the dif ference in CO^  concentration of the a i r  streams
before and a f te r  the assimilat ion chamber measured at the 
same temperature and pressure in p.p.m.
F = a i r  flow rate through the assimilat ion chamber in 1/min.
T = both the temperature (°K) at which the flowmeter was 
cal ibrated and the temperature of the flowmeter at the 
time of observation. They were the same as room 
temperature.
P = barometric pressure (mb) at the time of observation, usual ly 
the same as normal atmospheric pressure and fo r  a l l  calcu­
la t ions taken as 1013 mb.
g = dry weight of needles in grams. Unless stated, only green 
needles were used in the determination.
14(3) In the translocation work, the ra d io a c t iv i t y  or C
concentration of each plant part was expressed as counts per minute
14(CPM) per gram dry weight. The amount of photoassimi1ated C 
accumulated in each plant part was expressed as a percentage of the 
to ta l  plant ' recovery (see Wardlaw, 1965). A re la t ive  thickness 
curve ( I .F .  Wardlaw, pers. comm.) of count rate plotted against 
increasing powder thickness (powder weight) was prepared fo r  the root
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(Appendix I I ) .  The curve provided sui table corrections fo r  powder 
samples less than the standard 30 mg.
3.5.2 Analysis of Data
Duncan's mult ip le  range tes t  (Steele and Torr ie ,  1960, 
pp.107-109) or Student's t - t e s t  (Snedecor and Cochran, 1967, pp.103, 
114-116) were used fo r  the comparison of treatment means in most 
experiments. The Duncan's tes t  was used to compare means more than 
two in number.
Coeff icients of v a r i a b i l i t y  were calculated in the e a r l ie r  
experiments to ind icate the amount of var ia t ion in the samples. Al l  
percentage data was transformed in to  th e i r  arcsin values fo r  analysis. 
Computation was carr ied out using programmes from the SPSS manual 
(S ta t is t ica l  Package fo r  the Social Sciences) by Nie et dl, (1972).
CHAPTER 4
THE EFFECTS OF SOIL NUTRIENT STATUS ON ROOT REGENERATION 
POTENTIAL AND SHOOT GROWTH OF Firms radiata SEEDLINGS
4.1 INTRODUCTION
In Australia, the more fertile soils have generally been 
cleared for agriculture and forestry activity has been frequently 
relegated to topographically difficult or infertile sites (Brown 
and Hall, 1968; Florence, 1969; Shepherd, 1971). Forest plantations, 
therefore, must often be established on poor soils low in total P and 
lacking in micronutrients Ca, Co, Zn, C u , Mo (Friedel, 1972; Ruiter, 
1972); on soils of high A1 availability (Humphreys and Truman, 1972), 
or on soils deficient in K (Raupach and Clarke, 1972) and B (Will et al. 
1963; Stone and Wi1 1 , 19 6 5 b ; G e n t l e , pers. comm.; Snowdon, 1972).
Of the major elements essential for seedling growth, P 
deficiency appears to be the most important in Australian (Stoate,
1950; Kanwar, 1959; Tamm, 1964; Raupauch, 1967 ; H o p k i n s , 1971 a ; Friedel, 
1972; Ruiter, 1972) and New Zealand soils (Weston, 1956; Tamm,
1964; Will, 1965; Mead, 1966; McKinnon, 1969; Levy and St. John, 1974; 
Berg, 1975). Nitrogen deficiency has also been recognized and has been 
closely studied in relation to plantation establishment and management 
procedures (Appleton and Snow, 1966; Waring, 1972) including its 
significance in the establishment of successive rotations of forest 
crops (Lewis and Harding, 1963; Waring, 1963; Stone and Will, 1965a; 
Florence and Lamb, 1971).
The mineral requirements of P. radiata have been determined 
(Smith, 1943; Will, 1961, 1965; Humphreys and Truman, 1964; Raupauch, 
1967) and the effects of various element deficiencies on growth have 
been described (Ludbrook, 1940; Smith, 1943; Stoate, 1950; Purnell, 
1958; Kanwar, 1959; Lewis and Harding, 1963; Will, 1961, 1965; Stone 
and Will, 1965b). Nutrient deficiencies have been shown to have 
different effects on the growth of seedling parts. Will (1961) found 
that N and P deficiencies stimulated root growth and reduced shoot 
growth in P. radiata seedlings. Similarly, better root development 
was found by Purnell (1958) in P deficient treatments. Shoot growth, 
however, was not reduced but resembled that of seedlings grown in full
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nutrient. The availability of both N and P immediately after planting 
and throughout the first growing season, appears to be important in 
determining maximum early growth in P. radiata seedlings. Significant 
growth responses have been obtained following application of these 
major elements (Lewis and Harding, 1963; Waring, 1963, 1969, 1971 ;
Will, 1964; Wds. For. Dept., S.Ä., 1969, 1970; Brown and Hall, 1968;
For. Tim. Bur., 1972; Berg, 1975; Woods, 1976). However, it has not 
been previously determined to what extent soil nutrient deficiencies 
do affect root growth responses in P. radiata during the critical 
period following planting. Three nutrient studies are described in 
this chapter. The main objective of the first two, was to examine the 
effects of N and P deficiencies on the root regeneration potential of 
P. radiata seedlings. The effects of a combined NP deficiency was 
examined in the first experiment and the effects of N and P deficiency 
separately in the second.
As indicated in Chapter 1 (Section 1.2.2) seedling nutritional 
status and indirectly nutritional status of the nursery soil influence 
survival and early growth of newly transplanted seedlings. Newly 
transplanted seedlings of P. radiata (Woods, 1976) and Pioea abies 
(L.) Karst. (Machek, 1972/1973) for example, have shown improved field 
performance in relation to the fertility of the soil in which they 
were grown. Seedling survival and height growth after transplanting 
may increase with improved nursery fertility (Smith et at., 1966;
Benzian and Freeman, 1967; Machek, 1972/1973; Woods, 1976) but the 
effect of this fertility on immediate growth response, that is, root 
regeneration potential has not been determined. In the field, it is 
difficult to ascertain whether nutrient application at the time of or 
after planting is more important to seedling field performance than is 
nursery soil fertility. However, it is recognized that any factor 
which inhibits root regeneration potential in seedlings will reduce 
the chances of survival and maximum early growth. The aim of the 
third experiment was, therefore, to examine the root regeneration 
potential of both nutrient 'starved' P. radiata seedlings and seedlings 
supplied with ample nutrients to determine the effect of seedling 
nutrient deficiencies at the time of planting on subsequent root 
regeneration potential.
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4.2 MATERIALS AND METHODS
P. radiata  seeds (Grade 1) from Green Hills S.F., N.S.W. 
were sown in the Forestry Department glasshouse and the seedlings 
raised as described in Chapter 3 (Section 3.3.1). Except for 
experiment 3, nutrient and water applications prior to treatment were 
as described in Chapter 3 (Section 3.3.3).
In the f i r s t  experiment seedlings of approximately 150-250 mm 
in height were transferred to an LBH growth cabinet (described in 
Chapter 3, Section 3.2.1) for an eleven day acclimation period prior 
to treatment. The day/night air temperature of the cabinet was set 
at 21° / l 1°C with a sixteen hour day and an eight hour night. A cool 
air temperature was chosen to simulate the temperature conditions
encountered in the forest at the time of planting. Light intensity at
- 2  -1plant height was approximately 575pE.m .sec (3000 f .c .)  and 
relative humidity was above forty per cent. Nine seedlings of uniform 
diameter and height were chosen for each treatment. The root system 
of each seedling was thoroughly washed in de-ionized water and pruned 
to 30 cm from the cotyledons. All remaining white root tips > 0.25 cm 
were pinched off (detailed in Chapter 3, Section 3.3.4).
The seedlings were grown under either a full (Full) or a 
minus nitrogen and phosphorus (-NP) nutrient regime for four weeks. 
Nutrient solutions (see Appendix III) were applied every second day, 
de-ionized water on the others. Only one morning application of 
nutrient or water was necessary to keep the planting media moist due 
to the cool air temperatures and reduced absorption surface of the 
seedling root system. Once a week, the seedlings were excessively 
watered (de-ionized) to flush out any accumulation of nutrients that 
may have developed.
After four weeks the seedlings were harvested. Root regenera­
tion potential, final shoot and total root dry weights, and root:shoot 
ratio were determined for each seedling as described in Chapter 3 
(section 3.4). Root regeneration potential (RRP) was based on the 
number of new white roots > 1.25 cm (GT), the number of new white roots 
> 2.5 cm or long roots (LR), the number of new white roots 1.25-2.4 cmCSR) 
or short roots and the total length of LR (TL). Morphological 
differences in both the shoot and root were evaluated visually.
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In the second experiment seedlings of 200-250 mm in height 
were moved to CERES phytotron. A f te r  fumigation with organo phosphorus 
a standard entry procedure, the seedlings were placed in a glasshouse 
(as described in Chapter 3, Section 3.2.1) with a day/night a i r  
temperature of 15°/10°C. As in Experiment 1, a cooler a i r  temperature 
was chosen to simulate the temperature conditions encountered at the 
time of planting.
A f te r  an accl imation period of ten days, f i f t e e n  seedlings 
were selected fo r  treatment. Seedling root systems were thoroughly 
washed with demineralized water, pruned to 30 cm from the cotyledons 
and a l l  white root t ips  > 0.25 cm pinched o f f .  Five seedlings were 
grown under each of the fo l lowing nu tr ien t  regimes: f u l l  nu tr ien t
(F u l l ) ,  minus nitrogen (-N) and minus phosphorous (-P). Nutr ient 
solut ions (see Appendix I I I )  were applied every second day. On the 
other days, demineralized water was given. Pots were flushed weekly 
with demineralized water to avoid nu tr ien t  accumulation.
A f te r  four weeks of treatment the seedlings were harvested. 
Root regeneration po ten t ia l ,  f in a l  shoot and to ta l  root dry weights, 
and diameter and height increments were determined as described in 
Chapter 3 (Sections 3.4, 3.5). As in Experiment 1, the number of new 
white roots > 1.25 (GT), the number of new roots > 2.5 cm (LR) and the 
to ta l  length (TL) of LR were measured fo r  each seedling. The number 
of new roots 1.25-2.4 cm or short roots (SR) was also determined. 
Morphological dif ferences in the shoot and root were evaluated v isua l ly .
In the th i rd  experiment seedlings were transplanted four 
weeks a f te r  germination and twenty plants each were raised under e i ther  
a f u l l  nu t r ien t  or a no nu tr ien t  regime. Seedlings under the f u l l  
nu t r ien t  (Fu l l )  regime were given nutr ients  (see Appendix I I I )  every 
second day and de-ionized water every other day. Al l  pots were flushed 
weekly with de-ionized water. Glasshouse a i r  temperatures were kept 
above 20°C during the treatment period. Day-length was extended to 
sixteen hours with f lourescent lamps.
A f te r  three months, six of the most uniform seedlings were 
chosen from each nu tr ien t  regime. By th is  time, dif ferences in seedling 
size between treatments were quite pronounced. Growth in seedlings 
under the No nu tr ien t  regime was stunted. Chlorosis especial ly in the 
lower needles, reddening of the cotyledons and short needles were 
typica l symptoms noted. The seedlings grown in the Full regime, on
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the other hand, were healthy with no nutrient deficiency symptoms.
The root systems of the selected seedlngs were pruned to 
25 cm from the cotyledons and all remaining white root tips pinched 
off. All seedlings were placed under a Full nutrient regime, the same 
as used before root-pruning.
After twenty-four days, all seedlings were harvested. Root 
regeneration potential, final shoot and total root dry weights, and 
diameter and height increments were determined as described in Chapter 3 
(Sections 3.4, 3.5.1). Root regeneration potential was based on the 
number of new white roots > 0.5 cm (GT), > 1.5 cm (LR), 0.5-1.4 cm (SR) 
and the total length (TL) of LR, produced by each seedling. Because 
seedlings in this experiment produced much shorter new white roots 
compared to those produced by seedlings in Experiments 1 and 2, shorter 
lengths were used to designate the LR and SR.
4.3 STATISTICAL ANALYSIS
A t-test for group data was used to test for significant 
differences between the treatment means for each parameter in 
Experiments 1 and 3.
In Experiment 2, differences between treatment means of each 
parameter were compared using Duncan's multiple range test at the 5% 
level of significance. Coefficients of variability were calculated for 
all parameters in each experiment. Results of the analyses of 
Experiment 1 and 2 are presented in Table 4.1. Results of analysis of 
Experiment 3 are presented in Table 4.2.
4.4 RESULTS
4.4.1 Experiment 1
4.4.1.1 Root Regeneration Potential
The nutrient regimes had no significant effect on the total 
number of new roots (GT) or on the number of short roots (SR) produced 
(Table 4.1). Differences in both the number of roots > 2.5 cm (LR) 
and total length of roots > 2.5 cm (TL), however, were significant 
between treatments. As shown in Table 4.1 seedlings in the -NP treat­
ment produced an average of 18 long roots with a TL of 71.4 cm compared 
to those in Full which produced only 11 long roots with a TL of only
Table 4.1 Effects o f  nu t r i en t  def ic ienc ies on shoot growth and root 
regenerat ion potent ia l  o f  P. rad ia ta  seedl ings.
Parameter Experiment 1 Experiment 2
treatment mean^ (C.V.)^ treatment mean  ^ (C.V.)^
Root Regeneration 
Number o f  new FULL 32(43.0) -N 138(35.2) I
roots >1.25 cm 
(GT) -NP 40(37.8) NS FULL 256(40.2) 1
-P 377(57.6)
Number of  new FULL 11(27.2) -N 31(90.7)
roots >2.5 cm
UR)
-NP 18(44.6) ** FULL 57(65.6)
-P • 71(50.5)
Number o f  new roots FULL 21(55.8) -N 107(34.1) I
1.25-2.4 cm (SR) -NP 22(54.11) NS FULL 199(43.6) 1I
-P 302(64.3) '
Length of  new FULL 38.5(46.6) -N 124.(89.2)
roots ^2.5 cm in 
cm (TL) -NP 71.4(29.7) ** FULL 230.(70.4)
-P 280.(85.0)
Diameter and 
Height
I n i t i a l  diameter FULL 2.9(9.3) -N 4.2(26.2)
(mm) -NP 2.9(11.0)  NS FULL 4.6(18.6)
-P 4.9(24.0)
Diameter increment not FULL 0.7(38.0)
(mm) measured -P 0.7(57.1)
-N 0.8(44.2)
I n i t i a l  height FULL 15.5(10.0) -N 21.9(31.3)
(cm) -NP 15.9(11.3)  NS -P 24.1(31.3)
FULL 24.4(27.0)
Height not FULL 1.3(70.8)
increment (cm) measured -P 1.9(75.7)
-N 2.2(86.8)
Final Dry Weight 
Shoot (g) FULL 1.10(27.8) -N 4.89(72.2)
-NP 1.20(28.9) NS FULL 6.64(65.0)
-P 8.85(60.5)
(Cont 'd next page)
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Tabic 4.1 (Cont 'd)
Parameter Experiment 1 Experiment 2
treatment mean^ (C.V.)^ treatment mean^ (C.V.)^
Total root FULL 0.42(18.3) -N 1.22(47.7)
( g ) -NP 0.47(18.3) NS FULL 2.14(53.8) 
-P 2.44(57.0)
Root:shoot FULL 0.39(13.4) -P 0.23(9.6)
r a t i o -NP 0.41(17.0) NS -N 0.25(27.4)
FULL 0.26(11.3)
1 Mean of  9 rep l icates  (Experiment 1) , 5 rep l i cates  (Experiment 2).
2 C.V. = C oe f f i c ien t  o f  V a r i a b i l i t y  in per cent.
Note: In Experiment 1, di f ferences between treatment means are
s ig n i f i c a n t  at  * P<0.05, * *  P<0.01 or NS non s i g n i f i c a n t
(Student 's t - t e s t ) .
In Experiment 2, v e r t i c a l  l ines  j o i n  treatment means which 
are not s i g n i f i c a n t l y  d i f f e r e n t  at Pn nr (Duncan's m u l t i p le  
range t e s t ) .
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38.5 cm, almost half the total length of roots produced in the -NP 
nutrient treatment. Coefficients of variabil ity were high for all 
root parameters measured in both treatments but this did not swamp 
the real differences observed in root production between the treatments. 
The number of replications, only nine each, was low so that more 
extensive testing could be expected to reduce the variability but 
probably not the real difference between the treatments.
4.4.1.2 Final Dry weights
No significant differences were found in the shoot and root 
dry weights or root:shoot ratios between treatments. Variability in 
final dry weights was less than in root parameters measured.
4.4.1.3 Morphological Differences in Shoot and Root
a) Shoot
Seedlings in both Full and -NP treatments at the end of the 
three week post root-pruning period showed distinct visual symptoms 
of nutrient deficiency in the foliage. Chlorosis was evident in the 
apical needles and lateral branches and at the base of secondary needle 
fascicles of most seedlings. Similar change in colour has been observed 
in the foliage of seedlings undercut in the nursery (Ruiter, pers. 
comm.) which may be due to N, P and K being translocated to the root 
for root extension. Some seedlings in the -NP treatment had foliage 
of a blue-green tinge near the terminal apex.
Apical needles were much longer and lateral branch growth 
more pronounced in the Full treatment than in -NP. Litt le or no growth 
was evident in the lateral branches of seedlings in the -NP treatment.
Two to three days after root-pruning and -trimming, needle 
desiccation was noted in all re-planted seedlings in both treatments. 
After one week almost all the primary needles, with the exception of 
those closest to the apices were completely dry. Secondary needles, 
however, suffered only partial dieback which started from the tip and 
extended a certain distance towards the base of the needle. The extent 
of dieback in the needles varied among seedlings. Similar desiccation 
occurred in all three experiments and could probably be attributed to 
the root-pruning and -trimming of the seedlings. Higher rates of 
transpiration compared to absorption, the result of a reduced absorption 
surface in the roots, probably led to an increasing moisture stress
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within the seedlings. Areas of lowest moisture content, that is,  the 
mature primary needles and extremities of secondary needles were f i r s t  
to suffer from the internal moisture imbalance. Needle desiccation 
and internal moisture stress in seedlings following root-pruning and 
-trimming are dealt with to a greater extent in Chapter 9.
b) Root
Seedlings in the Full treatment produced comparatively thicker 
roots than in -NP, however, not all seedlings showed these differences.
4.4.2 Experiment 2
4.4.2.1 Root Regeneration Potential
The nutrient regimes had a significant effect on the number 
of new white roots 1.25-2.4 cm (SR) and the total number of new white 
roots produced (GT). Table 4.1 shows that SR and GT were significantly 
greater in -P treatment than in -N, but there was no significant 
difference between -N and Full or -P and Full treatments. The -P 
treatment produced 302 SR compared to 107 in the -N treatment. Like­
wise, the -P treatment produced a total number of 377 new white roots 
(GT) compared to only 138 in the -N treatment.
No significant differences were found in the number of new 
long roots (> 2.5 cm) produced despite the great differences in the 
actual mean values between treatments. Variability in the number (LR) 
and total length (TL) of new long white roots produced by seedlings 
was very high. In the -N treatment for example, coefficients of 
variability were 90.7% for LR and 89.2% for TL. The number of 
replicates, only five per treatment, was low and such variability 
could account for the differences in treatment means being non 
significant.
4.4.2.2 Final Dry Weight
The different treatments had no significant effect on the 
shoot and total root dry weights or rootishoot ratios of the seedlings. 
Mean total root dry weights in -N was 1.22 g and in -P 2.44 g, but the 
difference was not significant. Again, small sample size and high 
variability would mask any possible treatment differences.
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4.4.2.3 Diameter and Height Growth
No significant differences were found between treatments in 
diameter and height increment. Mean height increments of 1.28, 1.94 
and 2.16 cm were measured in Full, -P and -N treatments respectively, 
but were not significantly different. As shown in Table 4.1, 
variability in height increment was high.
4.4.2.4 Morphological Differences in Shoot and Root
a) Shoot
In both Full and -P treatments most seedlings developed 
terminal resting buds. All new needles produced after transplanting 
were shorter than those produced prior to treatment. Chlorosis was 
evident in seedlings of each treatment, especially in the apices.
Needle desiccation as described in section 4.4.1.3(a) occurred in 
all seedlings.
b) Root
Seedlings in all treatments produced numerous short, fine 
to thick roots and relatively few long ones. Differences observed in 
the morphology of new white roots were not dist inct  between treatments.
4.4.3 Experiment 3
4.4.3.1 Root Regeneration Potential
The nutrient regime in which seedlings were grown prior to 
root-pruning had a significant effect on the numbers (GT, LR, SR) and 
total length of LR (TL) produced during the four weeks after pruning. 
Table 4.2 shows the differences between treatments, with superior 
performance shown by the seedlings from the Full nutrient regime. 
Variability in these parameters was high.
4.4.3.2 Final Dry Weights
Significant differences between treatments were found in 
final shoot and total root dry weights and root:shoot ratios,  but the 
init ial  diameter and height of seedlings grown with Full nutrient 
was much greater than that of seedlings grown with No nutrients.
38
Table 4.2 E f fec t  o f n u t r ie n t  de f ic iency  on shoot growth and root 
regeneration po ten t ia l  o f  P. v a d ia L a  seedl ings 
(Experiment 3).
Parameter Experiment 3
treatment mean  ^ (C.V.)^
Root Regeneration 
Number o f  new roots NO 11(16.3)
>0.5 cm (GT) FULL 127(40.7) ■k-k
Number o f  new roots NO 6(31.2)
0 . 5 - 1 . 2 4 c m  (SR) FULL 102(37.2) k k
Number o f  new roots NO 5(71.0)
- 1 . 2 5  c m ( LR ) FULL 25(24.1 ) *
Length o f  new roots NO 16.6(60.6)
>1.25 cm in cm (TL) FULL 71.3(66.0) k
Diameter and Height 
I n i t i a l  diameter (mm) NO 1.8(7.9)
FULL 3.1(11.2) k k
Diameter increment NO 0.1(62.5)
(mm) FULL 0.2(88.0) NS
I n i t i a l  height (cm) NO 4.3(30.2)
FULL 17.1(20.8) * *
Height increment NO 0.7 (9 .0)
(cm) FULL 1.4(1 .4 ) k
Final Dry Weight
Shoot (g) NO 0.18(32.0)
FULL 1.30(24.6) k
Total root (g) NO 0.15(29.2)
FULL 0.40(28.5) k k
Root:shoot r a t i o FULL 0.28(17.2)
NO 0.76(14.2) k
1 Mean o f  6 re p l ica te s .
2 C.V. = C o e f f i c ie n t  o f  V a r i a b i l i t y  in per cent.
Note: Dif ferences between treatment means are s i g n i f i c a n t  at
* P<0.05 * *  P<0.01 or NS non s i g n i f i c a n t .
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4.4.3.3 Diameter and Height Growth
The Full nutrient regime had a significant effect on seedling 
diameter and height growth prior to and after transplanting. The 
differences in init ial  diameter and height between treatments were 
significant prior to root-pruning and -trimming. Seedlings in Full 
nutrient had a mean init ial  diameter of 3.1 mm and height of 17.1 cm 
compared to a mean init ial  diameter of 1.8 mm and height of 4.3 cm for 
seedlings grown with no nutrients. Height increments of seedlings 
grown in the two treatments were significantly different.  Height 
growth in seedlings from the Full nutrient regime was 1.4 cm compared 
to only 0.7 cm in the No nutrient regime, one half of that produced 
by seedlings from the Full regime.
4.5 SUMMARY OF RESULTS
4.5.1 Experiment 1
(i) Seedlings planted into a minus nitrogen-phosphorous regime 
(-NP) produced a significantly greater number (LR) and total length 
(TL) of new white roots > 2.5 cm compared with seedlings in the Full 
nutrient treatment.
(i i)  Final dry weights of shoot and total root, and rootishoot 
ratios were not significantly different between treatments.
4.5.2 Experiment 2
(i) Deficiencies in N and P separately had no significant effect 
on LR and TL. Significant differences were found between treatments in 
the number of new white roots 1.25-2.4 cm (SR) and the total number of 
new white roots > 1.25 cm (GT). Seedlings in the -P treatment produced 
significantly higher SR and GT than seedlings in the N deficient 
treatment.
(i i ) Diameter and height increments, final dry weights of shoot 
and total root, and root:shoot ratios were not significantly different 
between treatments.
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4.5.3 Experiment 3
( i )  Seedlings raised with no added nutr ients  were considerably 
smaller in diameter and height than seedlings with f u l l  nu tr ien t  and 
showed symptoms of nu tr ien t  deficiency.
( i i )  Once transplanted, seedlings raised under f u l l  nu t r ien t ,  
showed s ig n i f ic a n t ly  greater response in terms of root growth than 
those seedlings raised with no nutr ien ts .
( i i i )  Height increment was greater in seedlings raised under f u l l  
nu tr ien t  but there were no dif ferences in diameter increment between 
those seedlings raised under the Full or No nu tr ien t  regimes.
( i v ) Final dry weights of shoot and to ta l  root were s ig n i f ic a n t ly  
greater fo r  seedlings raised under f u l l  nu t r ien t .  Seedlings raised 
with no nutr ients  had a s ig n i f i c a n t l y  greater rootishoot ra t io .
4.6 DISCUSSION
The resul ts indicate that root regeneration potential  (RRP) 
and shoot growth of newly transplanted P. rad ia ta  seedlings are not 
s ig n i f ic a n t ly  affected immediately by the n u t r i t io n a l  status of the 
planting medium into  which the seedlings are transplanted. The 
nu t r i t ion a l  status of the medium in which the seedlings are raised, 
however, w i l l  influence s ig n i f i c a n t l y  both shoot and root growth of 
seedlings p r io r  to and immediately a f te r  transplanting (Experiment 3).
In te res t ing ly ,  seedlings planted in the absence of two of 
the most essential elements, N and P, appear to produce the greatest 
number of long roots (LR and TL). S imilar root behaviour has been 
described in other forest  trees by Lyr and Hoffmann(1967). These 
authors report that in nu tr ien t  de f ic ien t  conditions trees pr imar i ly  
form long "seeking" or "pioneer" roots which explore large volumes of 
soi l  in search of nu tr ien ts .  Deficiency in nitrogen, in pa r t icu la r  
is known to induce growth in length of roots (Bosemark, 1954;
Lundegardh, 1957 and Meyer, 1963, as c ited by Lyr and Hoffmann,1967; 
Haissig, 1973).
When planted in to  a N or P de f ic ien t  condit ion (Experiment 2), 
seedlings respond quite d i f f e re n t l y  in terms of root growth than do 
seedlings in -NP. Seedlings in -P treatment tended to have better  root 
development than those in -N treatment. This is indicated not only by 
the greater to ta l  number of new roots (GT) produced by seedlings in -P,
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but the greater number of SR which have the potential to elongate. 
Significantly lower root growth by seedlings in -N compared to those 
in -P suggests that an adequate supply of N may be very c r i t ic a l for 
seedlings at this stage of establishment. The development of roots 
by seedlings in -P and -N was similar to that reported by Purnell 
(1958) and Will (1961). These authors observed that P deficiency 
stimulated the production of longer and better developed roots in 
seedlings. A decrease in N (in pe r l i te ) ,  on the other hand,decreased 
root growth (W ill, 1961).
A deficiency in both N and P stimulated the production of 
long roots (LR) in seedlings. As a deficiency in N has l i t t l e  effect 
on root growth, i t  appears that this increased root length in -NP 
could be attributed to the absence of P more than of N.
The lack of significant differences between Full nutrient 
and -N or -P treatments, in a ll root parameters measured, suggests 
that the presence of N and P may not be required in the planting medium 
for regeneration and extension of roots after transplanting. I t  
appears that seedlings are able to mobilize nutrient reserves for at 
least four weeks, the duration of the present experiments. Nutritional 
status of the seedlings therefore, may be important in sustaining 
seedling growth, especially under poor nutrient conditions in the f ie ld ,  
until such time as nutrient reserves in the soil can be tapped. 
Experiments of longer duration are now needed to determine the time 
period before d is tinc t differences can be observed between nutrient 
deficient treatments.
There were no significant differences in diameter and height 
growth between treatments. However, i t  is interesting to note that 
although seedlings in -N in Experiment 1 produced the lowest mean values 
in a ll the root parameters (see Table 4.1), diameter and height 
increments were higher than those of the -P and Full treatments. This 
suggests that under N deficiency shoot growth may be favoured to root 
growth, due possibly to the a b i l i ty  of seedlings to maintain N in the 
shoot at the expense of the roots (W ill, 1961). Alternatively, under 
the P deficient treatment, root growth appeared to be favoured to 
shoot growth. Development of terminal resting buds in most of the 
seedlings in -P indicated that shoot growth did in fact cease, whereas, 
roots appeared to grow re la tive ly  more than in the -N or Full treatment. 
Will (1961) suggests that this response to P deficient conditions is 
due to the a b i l i ty  of the seedling to maintain the level of P in the
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root at the expense of the shoot. L i t t le  or no lateral branch growth 
and s ign ificantly  greater length of roots (LR and TL) produced by 
seedlings in -NP suggest a similar competition between shoot and root 
growth. Development of short primary needles and a blue-green tinge 
to the foliage in some seedlings, both probable symptoms of P 
deficiency (W ill, 1961), further suggest that P may have been trans­
located to the root.
The fina l dry weights of shoot and total root, and root: 
shoot ratio  were not s ign ificantly  d ifferent in -N, -P, -NP and Full 
treatments (Experiments 1 and 2). Relatively l i t t l e  growth in either 
root or shoot occurred during the rather short treatment period and 
no significant differences were found. Variation in shoot and root 
size among seedlings and treatments could easily have masked any real 
but minor differences in dry weight increments between treatments.
High va r ia b il i ty  in the root growth parameters measured did not appear 
to be correlated with mycorrhizal root formation, evident in some 
seedlings. The short branched roots near the top of the root crown 
were no greater or less in number on seedlings in either treatment. In 
the three week treatment period these roots rarely showed suffic ient 
growth for their presence to be recorded.
The variation might conceivably be evidence of genetic 
differences or only be the expression of the number of root tips 
remaining in good condition following the pruning and trimming 
procedure. Whatever the reason, this problem of va r ia b il i ty  in root 
growth has also been previously observed by Stone (1955 ), Stone e t  a l .  
(1962) and Abod (1977), in studies using the same technique for 
assessing the RRP of seedlings.
Results of this experiment emphasized the importance of the 
careful selection of seedlings to reduce va r ia b il i ty  in seedling growth. 
To minimize the va r ia b il i ty  in future experiments the following steps 
were taken:
a) growing a large number of seedlings, from which only the most 
uniform in size were selected.
b) using as many replications as possible within the lim itations 
of the space available and the time required to assess the RRP of 
seedlings.
Using this method of seedling selection the va r ia b il i ty  in many 
parameters measured was reduced. However, va r ia b il i ty  in root
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parameters was s t i l l  rather high. Such response by morphological ly 
s im i la r  seedlings points to the weakness in using morphological 
c r i t e r i a  in grading seedlings fo r  physiological studies.
A lack of essential nutr ients  throughout the growth period 
had marked ef fects on the shoot and root growth of seedlings p r io r  to 
and a f te r  transplanting in to  favourable conditions. Seedling growth 
and development was s ig n i f ic a n t l y  inh ib i ted  by lack of the essential 
minerals. This is not surpr is ing, as i t  is well known that  defic iencies 
in the major essential elements impedes growth of trees (Kramer and 
Kozlowski, I960; Kozlowski, 1971a). P. ra d ia ta  seedl ings, fo r  example, 
show reduced shoot and root growth when grown under conditions de f ic ien t  
in one major element (Purnel l ,  1958; W i l l ,  1961) or in a l l  the 
essential elements (Kanwar, 1959).
Not only is seedling size affected by the nu tr ien t  regime 
but also the seedling n u t r i t io n a l  status,  as observed by deficiency 
symptoms (chlorosis, reddening of needles) in the seedlings grown with 
no nutr ients . Together, the i n i t i a l  size and n u t r i t ion a l  status of 
the seedlings account for  the dif ferences in root and shoot growth a f te r  
transplanting. Superior performance in height and root growth of the 
seedlings grown under the Full nu t r ien t  regime could be related to 
th e i r  greater size and better  health. The higher root:shoot ra t io  of 
seedlings raised with no nutr ients  could re f le c t  a greater reduction 
in shoot than root growth in seedl ings, a response s im i la r  to that of 
seedlings grown under -NP or -P defic ienc ies. The dif ference could 
also be merely a function of plant size dif ferences due to treatment 
and not represent any basic s h i f t  in root:shoot ra t io  (Ledig and Perry, 
1965).
Although the extreme cases of so i l  nu t r i t ion a l  status, that 
is ,  f u l l  nu t r ien t  and no nu t r ien t ,  were examined, the resul ts do show 
that seedling response immediately fo l lowing outplanting is largely a 
function of the n u t r i t io n a l  status of the seedling which is in turn 
determined by the n u t r i t io n a l  status of the soi l  in which they were 
raised. Further evidence of th is  is shown by the work of Donald (1968), 
Sanada (1971), Machek (1972/1973) and Woods (1976). These authors a l l  
showed that seedlings raised under conditions of nu tr ien t  suf f ic iency 
performed better once outplanted than those grown under conditions of 
nu tr ien t  deficiency.
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For the purposes of the present work, the results of the 
experiments reported in this chapter are quite clear. I f  the material 
used in all of the following experiments was raised and maintained 
under conditions of adequate nutrient supply then none of the 
observations on root regeneration made should have been influenced 
unduly by nutrient factors. All of the experiments involved root- 
pruning and transplanting of seedlings under conditions of adequate 
nutrient supply. Only indirect ly could nutrient factors be responsible 
for treatment difference, as for example low temperature conditions 
restricting the translocation or mobilisation of essential nutrient 
elements.
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CHAPTER 5
THE EFFECTS OF ROOT- AND SHOOT-PRUNING ON THE ROOT REGENERATION 
POTENTIAL AND SHOOT GROWTH OF Pinus radiata SEEDLINGS
5.1 INTRODUCTION
Nursery grown seedl ings are u sua l l y  pruned in  var ious ways 
before being p lan ted out to  the f o r e s t .  In some species,  l i k e  
P. radiata t h i s  method o f  c o n d i t io n in g  is  sometimes essen t ia l  f o r  the 
p lan ts  to  w i ths tand  t r a n s p la n t i n g .  O ften ,  seed l ings are r o o t -  and /or 
shoot-pruned in  the nursery bed, and/or  p r i o r  to  p la n t in g  in  e f f o r t s  
to  improve stock q u a l i t y  (Limstrom, 1963).
The term " r o o t -p ru n in g "  has been used i n d i s c r im in a t e l y  in  the 
l i t e r a t u r e  to descr ibe a t  le a s t  two d i s t i n c t  pruning opera t ions 
(a) before l i f t i n g ,  the severence o f  roo ts  o f  seed l ings in situ in  
the nursery bed or  t r a n s p la n t i n g  l i n e  and (b) a f t e r  l i f t i n g  and before 
p l a n t in g ,  the c l i p p i n g  o f  roots  o f  seed l ings main ly  f o r  convenience 
in  handl ing and p l a n t i n g .  In t h i s  chap te r ,  r o o t -p run ing  w i l l  r e f e r  
to  (b) above. " U n d e rc u t t i n g " ,  which i s  also  synonymous to  the term 
" ro o t -p ru n in g  in p lace"  w i l l  be r e s t r i c t e d  to  the opera t ion  descr ibed 
in  ( a) .  Root "wrenching" i s  another nursery opera t ion  t h a t  has o f ten  
been associated w i th  undercu t t ing  in  c o n d i t io n in g  seed l ings (Cameron 
and Rook, 1969b; Rook, 1971; van Dorsser and Rook, 1972). The term 
wrenching re fe rs  to  the process o f  sever ing the roots  and f u r t h e r  
d i s tu r b in g  the s o i l  around the roo ts  by p a r t i a l l y  l i f t i n g  the seedl ings 
in  the s o i l  (Goudie,  1935; Cameron and Rook, 1969b; Rook, 1971; van 
Dorsser and Rook, 1972).
The o b je c t i v e s  o f  undercu t t ing  seedl ings in  the nursery bed 
are s e v e r a l :
a) to  a r r e s t  top growth o f  seed l ing stock and encourage diameter  
growth thus producing a s t u r d i e r  t ree  (Stoeckeler and Jones, 1957; 
Schubert and Adams, 1971; Armson and Sadre ika ,  1974).
b) to  induce the product ion o f  a more f ib ro u s  roo t  system and 
improved roo t rs h o o t  balance (Stoeckeler and Jones, 1957; Su tton ,  1969; 
Schubert and Adams, 1971; Trappe, 1971; Armson and Sadre ika,  1974).
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c) to f a c i l i t a t e  seedling removal from nursery beds (Schubert 
and Adams, 1971), as pruned seedlings have more root f ibre in the 
upper soil  levels they are less l ikely to lose much f ibre at  l i f t i ng  
(Faulkner, 1953; Gingerich and Hertel ,  1963).
d) to produce seedlings with a t t r ibu t es  similar to those of 
t ransplants ,  therefore,  a subs t i tute  method for transplanting 
(Stoeckeler and Jones, 1957; Gingerich and Hertel ,  1963; Mullin, 1966; 
Schubert and Adams, 1971; Aldhous, 1972; Armson and Sadreika, 1974).
e) to salvage seedlings,  to keep the size of seedlings within 
bounds i f  for any reason they must be stood over for a year,  otherwise 
they will grow too big (Cameron and Rook, 1969b; Aldhous, 1972).
Undercutting generally is quite ineffect ive in reducing top 
growth of seedlings (Huberman, 1940; Gingerich and Hertel ,  1963; 
Atterson, 1964; Shoulders, 1962; Mullin, 1966; Aldhous, 1972; Ruiter,  
pers.comm.) and promoting vigorous root development (Faulkner, 1953; 
Atterson, 1964; Harris e t  a l . 3 1971a,b; Aldhous, 1972; Williams,
1972; Ruiter,  pers.comm.). However, the benefi ts derived from under­
cutt ing in the nursery may vary with the species,  time of pruning and 
the frequency and depth of pruning in relat ion in root posit ion and soil 
conditions (Aldrich-Blake, 1930; Wilcox, 1955; Shoulders, 1959b, 1963; 
Mullin, 1966; Schubert and Adams, 1971; Aldhous, 1972; Armson and 
Sadreika, 1974).
Results of investigat ions on the effects  of undercutting on 
f ield performance of nursery stock are rather  inconclusive. Under­
cutt ing has been shown to increase survival (Wakeley, 1954; Shipman, 
1958; Shoulders, 1959b, 1963; Stoeckeler,  1965; Bell ,  1968) or have 
no effect  at  all  (Mullin, 1957; Atterson, 1964; Shoulders, 1963; 
Williams, 1972). Species difference,  pruning method, time of pruning 
and planting s i t e  conditions may account for these differences.
There are considerable differences in species in respect to 
the i r  adaptabi l i ty for t ransplantat ion (Goudie, 1935). P. ra d ia ta , 
for example, often shows poor survival unless suf f ic ient ly  wrenched, 
undercutting may not be enough. Seedlings of P. ra d ia ta  in many parts 
of Australia and New Zealand make rapid height growth in the late  
autumn, and, unless this growth is retarded by removal of part  of the 
root,  will resul t  in the production of t a l l ,  sof t  plants.  Under­
cut t ing,  followed by repeated wrenching, during the growing season 
s igni f icant ly  improves the qual i ty of seedling produced. The benefi ts
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of wrenching seedlings in the nursery have been reported by Goudie 
(1935), van Dorsser (1967, 1969a,b), Cameron (1969), Cameron and Rook
(1969a,b), Rook (1969a, 1971), van Dorsser and Mcberly (1971), Will  
e t  a l .  (1971), van Dorsser and Rook (1972), Benson (1974, 1976a),
Bacon (1975), Minko and Craig (1976), Benson and Shepherd (1977) and 
Chavasse (1977). The importance of condit ioning seedlings by wrenching, 
especial ly P. r a d ia t a , is i l l u s t ra te d  in these studies by the greater 
survival percentage and height growth a f te r  planting, the increased 
tolerance to cold storage and the improved resistance to temperature, 
sun and wind exposure of wrenched seedl ings.
Studies on the effects  of root-pruning of seedlings on sub­
sequent growth a f te r  outplanting have produced varied resu l ts ,  which 
perhaps indicates that caution needsbe taken in the use of th is  proced­
ure. Root-pruning has been reported to increase survival (McGee, 1961), 
reduce survival (Smith and Al len,  1962; Sutton, 1967; Brown, 1969) 
or have no s ign i f ica n t  e f fec t  on survival (Harris e t  a t .  , 1971a,b) 
of seedlings once outplanted. Height growth may also be depressed 
(McGee, 1961; Smith and Al len, 1962; Larson, 1975) or unaffected 
(Sutton, 1967; Harris e t  a l . 3 1971a,b) by root-pruning, whereas, root 
growth s ig n i f ic a n t l y  increases (Sutton, 1967; Harris e t  a l .  , 1971a,b; 
Kozlowski and Davies, 1975; Larson, 1975). These apparent var iat ions 
in response to root-pruning could be due to species differences or to 
local c l imat ic  conditions at the f i e l d  tes t  s i tes .
Because the balance of physiological processes is affected 
by removal of roots, root systems severely pruned or stripped of roots 
during l i f t i n g  may not be able to function properly immediately a f te r  
transplanting and consequently the seedlings may die.
The proportion of the root system removed by undercutting, 
wrenching, root-pruning and l i f t i n g  appears to have considerable bearing 
on the growth and/or subsequent f i e l d  performance of seedlings. The 
general impression from the l i t e ra tu r e  is that severely reduced root 
systems by shallow undercutting or wrenching in the nursery or root- 
pruning before planting reduces survival and/or root and shoot growth 
(Faulkner, 1953; Mull in, 1957; Limstrom, 1963; Brown, 1969; van 
Dorsser and Rook, 1972; Larson, 1975). Par t ia l  removal of  the root 
system, on the other hand, has less e f fe c t  on seedling growth and f i e l d  
performance (Adams, 1951; Faulkner, 1953; Wakeley, 1954; Shoulders, 
1959b; Sutton, 1967; Be l l ,  1968; Brown, 1969; Larson, 1975). This is 
then an ind ication that severely truncated root systems may be d e t r i -
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mental to seedling establishment (Faulkner, 1953; Bi lan, 1961; Limstrom, 
1963; Hermann, 1964).
Shoot-pruning (referred to in l i t e ra tu re  as c l ipp ing,  de­
topping, topping, top pruning and shoot decapitation) of seedlings in 
the nursery bed or at the time of planting also provides a means of 
modifying seedling size and improving the qua l i ty  of planting stock 
(Lanquist, 1966; Stockley, 1975; Rodin and N ik i t in a ,  1976). This 
pract ice has been recommended,
a) to supply uniform stock fo r  mechanized planting and f a c i l i t a t e  
handling of stock (Limstrom, 1963; Larson, 1975).
b) to improve the root:shoot balance of the seedl ing, under 
the assumption that higher root:shoot ra t ios w i l l  reduce t ranspirat ion 
and the p robab i l i ty  of  c r i t i c a l  water stress developing in the seedling 
(Stoeckelerand Jones, 1957 ; Krinard, 1959; Anon., 1968; Bacon, 1975; 
Lavender and Hermann, 1976).
c) to st imulate the production of  sprouts (Meginnis, 1940).
d) to salvage seedlings which otherwise would be too large i f  
carried over fo r  a fu r the r  year in the nursery (Stoeckler and Jones, 
1957; Lanquist, 1966; Stockley, 1975) or those seedlings that  are top- 
damaged or poorly formed (Meginnis, 1940).
Investigations on shoot-pruning in the nursery bed well 
before l i f t i n g ,  rather than ju s t  p r io r  to p lanting, have shown favour­
able resul ts in terms of improved stock qua l i ty  (Stoeckelerand Jones, 
1957; Anon., 1968; Stockley, 1975; Rodin and N ik i t in a ,  1976). Results 
of work by Rodin and N ik i t ina  (1976) with Pinus sylvestris L. indicate 
shoot-pruning in the nursery produces high qua l i ty  stock with well 
formed root systems and optimum root:shoot ra t ios .  Stockley (1975) 
reports that shoot-pruning in the nursery bed during the active growing 
season ensures that the wound is calloused by the time of  l i f t i n g  and 
that the seedlings l i f t e d  have sturdy, hardened stocks with strong buds. 
He also states that in l ieu  o f  qua l i ty  seedling stock, shoot-pruned 
seedlings are better than large unpruned seedl ings, in that they estab­
l ish  we l l ,  produce a leader and eventually a sound tree.
Pruning the tops of seedlings at l i f t i n g  or before plant ing, 
however, has not always proven benef icia l in improving the f ie ld  
performance of seedl ings. Results of  invest igat ions are var iable,  
from reduced survival (Meginnis, 1940; Stoeckelerand Jones, 1957; 
Hermann, 1964; Mu l l in ,  1973; Bacon, 1975) and shoot growth (Meginnis,
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1940) in shoot-pruned seedlings to no differences in survival and/or 
shoot growth between shoot-pruned and unpruned seedlings (Krinard,
1959; Lanquist, 1966; Adams et al.3 1967; Bacon, 1975; Minko and 
Craig, 1976). The planting site conditions, time of pruning, severity 
of pruning and species involved could account for these differences.
Some of the inconsistencies in results of these studies might be 
accounted for by factors associated with the roots, possibly due to 
differences in the amount of root lost at the time of l if t ing.
Shoot-pruning of P. va d ia ta  seedlings is common practice in 
both Australian and New Zealand nurseries (Anon., 1968; Shepherd, 1971; 
Burdon and Bannister, 1973; Bacon, 1975; Stockley, 1975; Minko and 
Craig, 1976), however, information on the subject is not well documented. 
Some literature points to the merits and practicality of the technique 
(Stockley, 1975; Minko and Craig, 1976) whereas, others suggest caution 
be taken in i ts application (Bacon, 1975).
P. vad ia ta  seedlings appear to have a remarkable abili ty to 
withstand severe shoot-pruning although the timing of pruning appears 
to be important in this regard. Severe pruning of seedlings in the 
nursery bed well before l i f t ing,  however, shows more favourable results 
in terms of seedling growth or field performance, than pruning the 
seedlings at l i f t ing or planting. Stockley (1975) reports that 
P. va d ia ta  seedlings shoot-pruned from 60 cm down to 10 cm in the nursery 
well before l i f t ing,  produce strong buds and sturdy shoots in time for 
l if t ing.  In terms of field response, Bacon (1975) found that seedlings 
pruned to almost half their height, four months before l i f t ing,  had 
superior survival percentages than seedlings pruned at planting.
Survival of both intact seedlings and those pruned several months 
prior to l if t ing was similar. In another experiment this author found 
similar results,  with poorer survival shown by seedlings shoot-pruned 
before planting than those unpruned. After two years, the survival 
and height growth of the seedlings were inversely proportional to the 
severity of pruning. Results of an investigation by Minko and Craig 
(1976) also showed that differences in seedling height, the result of 
different degrees of pruning, persisted after nine months in the 
transplant bed. Survival of the seedlings was not affected by severity 
of pruning as shown by Bacon (1975). The nature of the stock, the 
degree of pruning actually tested and the planting conditions, may 
easily account for the discrepancy in the results of these t r ia l s .
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Once again the size and nature of the root systems of the plants 
involved in these t r ials  need be taken into account. No indication 
of the state of the root systems at the time of transplanting is 
given in the studies noted.
The effects of root- and shoot-pruning at planting on the 
root regeneration potential (RRP) and early growth of P. vadiata 
seedlings immediately following planting has not been previously 
examined. The 4 experiments detailed in this chapter were carried out 
to investigate these effects. The f i r s t  experiment examined the effect 
of root-pruning at planting at different levels of severity on the 
RRP and shoot growth of seedlings. The second experiment examined 
the effect of a severe loss of roots on the RRP and shoot growth of 
seedlings. The third and fourth experiments examined the effect of 
shoot-pruning at planting at different levels of severity on RRP and 
shoot growth of seedlings. The effects of root- and shoot-pruning 
were observed three weeks after planting.
5.2 MATERIALS AND METHODS
P. vadiata seedlings (seed origin : Yarralumla, A.C.T.) were 
grown at either the Forestry Department or CERES phytotron, depending 
upon where the experiment was performed.
Seedlings used in Experiments 1 and 3 were raised in a 
Forestry Department glasshouse as described in Chapter 3 (Section 
3.3.1). Throughout the growing period the glasshouse temperature was 
kept above 20°C and the day-length was extended to sixteen hours. 
Seedlings for Experiments 2 and 4 were raised in a CERES glasshouse 
(faci l i ty described in Chapter 3, Section 3.2.1) run at a day/night 
temperature of 21°/16°C with a sixteen hour day-length. Prior to and 
during the treatment period, all seedlings were watered and fert i l ized 
as described in Chapter 3, Section 3.3.3.
In Experiment 1, eighty seedlings of approximately 100-150 mm 
in height (nearly three months old) were transferred into an LBH 
cabinet at the Forestry Department (facil i ty described in Chapter 3, 
Section 3.2.1). The cabinet temperature was set at a day/night temp­
erature of 24°/19°C with a sixteen hour day and an eight hour night. 
Light intensity at plant height was approximately 575pEm“^sec- -*- 
( 3000 f .c . ) .  Relative humidity was kept above 40%.
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A f t e r  a three week acc l im a t ion  pe r iod ,  t h i r t y - t w o  seedl ings 
were c a r e f u l l y  selected f o r  the exper iment ,  e i g h t  f o r  each t rea tment .  
Seedl ings were chosen on the basis o f  u n i f o r m i t y  in  diameter and 
he igh t  o f  the shoot and t o t a l  r o o t  mass (determined v i s u a l l y ) .
In t h i s  p a r t i c u l a r  exper iment ,  seed l ing  roo t  systems were 
not pruned and trimmed f o r  es t im a t ion  o f  subsequent ro o t  growth as 
descr ibed in  Chapter 3 (Sect ion  3 .3 . 4 ) .  Rather,  a l l  r o o t  systems were 
sta ined and the only roots removed were those requ i red  by the p a r t i c u l a r  
pruning t rea tment .  A 1% s o lu t i o n  o f  Sa fran in  0 (a red coloured m ic ro ­
scopic s ta in )  and water was used to s t a in  the ro o t  systems. P re l im ina ry  
t e s ts  showed t h a t  growth o f  seedl ings w i th  s ta ined roots  was not 
adverse ly  a f f e c te d .  No symptoms o f  i l l - h e a l t h  were observed.
The s ta in in g  procedure invo lved  was ra th e r  s imple .  Seedl ing 
roo t  systems were submerged i n t o  the Sa f ran in  0 s o lu t i o n  f o r  twenty 
seconds, then drained o f  excess s o lu t i o n  and placed between moist  
paper towe ls .  A f t e r  30-45 seconds, the ro o t  systems were c a r e f u l l y  
r insed in  running water  f o r  one minute.  A f t e r  s t a in i n g ,  the roo t  
systems o f  the seed l ings to  be pruned were c a r e f u l l y  spread out and 
roots removed w i th  a s c a lp e l .
The pruning treatments  in c lu d e d : -  
Control  - no roo ts  removed
RP2 5 -25% (approx imate ly )  o f  the t o ta l  roo t  mass removed
RP^q- 50% (approx imate ly )  o f  the t o t a l  roo t  mass removed
RP7 5 - 7 5% (approx imate ly )  o f  the t o t a l  roo t  mass removed.
The amount o f  roo t  removed was determined v i s u a l l y  f o r  each 
roo t  system. A l l  roo ts  removed were kept f o r  dry we ight es t im a t ions .  
A f t e r  pruning the seedl ings were repo t ted  in to  moist  p e r l i t e  and 
v e r m ic u l i t e  and returned to  the growth cab ine t .  Pot lo c a t io n  in  the 
cab ine t  was complete ly  randomized.
A f t e r  three weeks, the seed l ings were harvested.  Root regen­
e ra t io n  p o t e n t i a l ,  d iameter and he igh t  increment,  f i n a l  dry weights 
o f  shoot,  regenerated roo t  and t o t a l  r o o t ,  dry we ight o f  roo t  removed, 
and ro o t :s h o o t  r a t i o  were determined as descr ibed in  Chapter 3,
Section 3.4.  Root regenera t ion  p o te n t ia l  was based on the number o f  
new roots 0 .5 -1 .4  cm (SR), > 1.5 cm (LR) and ^ 0.5 cm (GT), and the 
length  o f  LR (TL) produced by each seed l ing .  The moisture content  o f  
the shoot o f  each seed l ing was also determined, using the formula ,
MCs FW-DW x 100DW
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where, MCs = moisture content of  the shoot in per cent.
FW = fresh weight o f  the shoot in grams.
DW = dry weight of the shoot in grains.
Shoots were severed 10 cm below the cotyledons. The fresh weights 
were measured immediately a f te r  the seedlings were removed from the 
cabinet. Dry weights were determined as described in Chapter 3 
(Section 3.4).
In Experiment 2, two lots  o f  P. ra d ia ta  seedlings were used. 
Seedlings in Lot 1 were 127 days old, and smaller in diameter and height 
than the seedlings in Lot 2 which were 197 days old (see Table 5.2).
Al l  seedlings were raised at 21°/16°C day/night temperature in a glass­
house at the CERES phytotron up un t i l  the time of treatment.
Eight seedlings of uniform size from Lot 1 and four seedlings 
from Lot 2 were chosen fo r  each treatment. Al l  seedling root systems 
were ca re fu l ly  removed from the pots and thoroughly washed before 
treatment. The treatments included: T-|-pruning the root system to
9 cm from the cotyledons, removing (with scalpel) a l l  the f ine root­
lets from the primary (tap) and secondary (main la te ra l )  roots and 
removing any white root t ips  remaining on the root system. d 2~ 
pruning the root system to 9 cm from the cotyledons and removing 
only the new white root t ips  on the root system. Al l  roots removed 
were kept fo r  dry weight est imations.
Af ter  pruning, seedlings were repotted and staked. Staking was 
essential fo r  seedlings in T-j, especial ly from Lot 2, as the root 
systems remaining a f te r  pruning were not s u f f i c ie n t  to hold the plants 
securely in the pots in an upright posit ion. Seedlings were returned 
to the glasshouse. Pot location on the glasshouse bench was completely 
randomized. Special care was taken to ensure that larger trees did 
not shade the smaller ones.
Three weeks a f te r  treatment, a l l  seedlings were harvested.
Root regeneration po ten t ia l ,  diameter and height increment, re la t ive  
growth rate of diameter (RGRq) and height (RGR^), f ina l  dry weights 
of shoot and to ta l  root,  dry weight o f  root removed and root:shoot 
ra t io  were determined fo r  each seedling. New roots produced by 
seedlings especia l ly from Lot 1 weren't very 1ong, there fore , a much 
shorter root length was used to designate long (LR) and short (SR) 
roots. Root regeneration per seedl ing, including the number of new
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white roots 0.1-0.5 cm (SR), 0.6-1.4 cm (MR) > 1.5 cm (LR), and > 0.1 
cm (GT).
In Experiment 3, f if ty  4 month old seedlings raised in a 
Forestry Department glasshouse were transferred into an LBH cabinet.
The cabinet was set at the same day/night temperature (24°/19°C), 
photoperiod (sixteen hours), light intensity (575pEm sec ) and 
relative humidity (40%) as in Experiment 1. Seedlings were acclim­
atised to this environment for two and a half months prior to root- 
pruni ng .
Twenty seedlings of uniform size were selected for treatment. 
The root system of each seedling was thoroughly washed, pruned to 21 cm 
from the cotyledons and any white root tips remaining were pinched off. 
Once root-pruned and -trimmed the seedlings were repotted and staked.
Ten of the seedlings were used as a control (Control), in which no 
shoots were removed. The shoots of the other ten seedlings were 
severed with a sharp scalpel 5 cm from the apex or approximately 23% 
of the shoot by length (SP^). Petroleum jelly was used to cover the 
cut surface to reduce stem water loss and check possible attack by 
pathogens. After shoot-pruning, the seedlings were returned to the 
growth cabinet for another three weeks until the harvest. Pot location 
in the cabinet was completely randomized.
At harvest, the root regeneration potential, diameter 
increment, final dry weights of shoot, newly regenerated root and total 
root, dry weight of shoot removed, and root:shoot ratio were determined 
for each seedling. Root regeneration potential was based on the 
number of new white roots 0.5-1.4 cm (SR), > 1.5 cm (LR), £ 0.5 cm (GT), 
and the total length of LR (TL) produced by each seedling.
Experiment 4 was conducted in a CERES phytotron glasshouse. 
Seedlings used in the experiment were raised in a glasshouse run at 
21°/16°C as described earl ier in this section. Five weeks prior to 
treatment, forty seedlings were transferred to a glasshouse run at a 
day/night temperature of 24°/19°C.
After the acclimation period, sixteen seedlings of uniform 
size were chosen for treatment. The root system of each seedling was 
pruned to 21 cm from the cotyledons and all the white root tips
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remaining were pinched o f f .  Once repotted, seedlings were staked and 
shoot-pruned. The treatments included, S P ^ j 12% of the to ta l  shoot 
length removed and SP^,  36% of the to ta l  shoot length removed. Al l  
shoots were severed with a sharp scalpel and the cut surface covered 
with petroleum j e l l y .  Seedlings were returned to the glasshouse 
(24°/19°C) fo r  another three weeks, a f te r  which time the seedlings 
were harvested.
The data col lected at the harvest was the same as in Experiment
3.
5.3 STATISTICAL ANALYSIS
In Experiment 1, differences between treatment means of each 
parameter were compared using Duncan's mult ip le  range tes t  at the 5% 
level o f  sign if icance.
Comparisons of treatment means fo r  each parameter measured 
in Experiment 2,3 and 4 were made by t - t e s t .  In Experiment 2, only 
the differences between treatment means w i th in  each Lot were tested 
for  s ign if icance. Differences in treatment means between Lot 1 and 
Lot 2 were not compared.
Coeff icients of v a r ia b i l i t y  were calculated fo r  each parameter 
in a l l  experiments. Results of the analyses of Experiments 1 and 2 
are presented in Tables 5.1 and 5.2 respectively. Results of Experi­
ments 3 and 4 are presented together in Table 5.3.
5.4 RESULTS
5.4.1 Experiment 1
5.4.1.1 Root Regeneration Potential
The resul ts  of the analysis (Table 5.1) show that a l l  pruning 
treatments regardless of  sever i ty ,  s ig n i f ic a n t ly  reduced the root 
regeneration potentia l  (RRP) of the seedlings. Differences between 
the pruning treatments RP^g> RP^q and RPy^, fo r  a l l  root parameters 
were not s ig n i f ica n t .
Seedlings in the Control, with no roots removed, produced 
s ig n i f ic a n t ly  greater numbers of new white roots 0.5-1.4 cm (SR),
^1.5 cm (LR) and^O.5 cm (GT) and greater to ta l  length o f  LR (TL) than 
produced by seedlings in the pruning treatments RP^ g ■» RP^q and RP 7  5  -
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Table 5.1 E ffec ts  of root-pruning on the RRP and shoot growth
of P. r a d i a t a  seedlings measured 3 weeks a f te r  p lanting  
(Experiment 1), where 75%, 50% or 25% of the roo t was 
removed (RP75, RP50> RP2s) •
Parameter Treatment Mean  ^ (C.V.)^
Root Regeneration
Number o f  new 
roots >0.5 cm 
(GT)
27(44.9)
rp75
32(60.3)
RP50
36(20.9)
RP25
70(35.6)
C
Number o f  new 
roots ^1.5 cm 
(LR)
8(41.7) 
RP75
17(57.7)
RP50
19(34.1)
RP25
36(41.5)
C
Number o f  new 
roots 0 .5-1 .4  
cm (SR)
15(65.4)
RP50
16(41.0) 
RP25
18(49.0)
RP75
34(54.4)
C
Length o f  new 
roots £1.5 cm 
(TL) in  cm
21.6(48.7) 
RP75
50.8(64.4)
RP50
58.8(49.2)
RP25
133.9(52.2)
C
Height and 
Diameter
I n i t i a l  
diameter (mm)
4.02(8.1)
C
4.12(9.4)
RP75
4.14(4.8)
RP50
4.16(6.4)
RP25
Diameter 
increment (mm)
0.30(47.9)
RP75
0.37(57.4)
RP50
0.56(40.6)
RP25
0.90(26.2)
C
I n i t i a l  
he ight (cm)
11.98(19.0)
C
13.06(9.2)
RP75
13.76(22.2)
RP50
13.86(10.6)
RP25
Height
increment (cm)
0.75(64.7)
RP75
1.30(46.9)
RP50
1.62(31.5) 
RP25
1.99(30.0) 
C
Moisture
Content
Shoot (%) 191.0(11.3)
RP75
205.0(4.2)
RP50
224.0(4.4)
RP25
231.0(8.9) 
C
Final Dry 
Weight
Shoot (g) 4.884(18.3)
RP50
4.936(9.7)
RP75
5.690(18.6)
RP25
5.868(22.5)
C
Regenerated 
root (g)
0.052(44.3)
RP75
0.086(44.3)
RP25
0.099(77.7)
RP50
0.160(48.3)
C
(Cont'd next page)
Table 5.1 (Cont'd)
Parameter Treatment Means^ (C.V.) ^
Total root 0.916(17.6) 1.270(23.3) 1 .696(14.8) 2.342(12.1)
( g ) RP75 RP50 RP25 C
Root 0.000(0.0) 0.244(21.5) 0.534(29.5) 0.682(28.0)
removed (g) c RP25 RP50 RP75
Root:shoot 0.19(10.5) 0.26(6.9) 0.30(8.5) 0.41(13.4)
ra t i o P75 P50 P25 C
1 Mean o f  8 rep l icates.
2 C.V. = Coe f f ic ien t  o f  V a r i a b i l i t y  in per cent.
Note: Horizontal  l ines  j o i n  treatment means tha t  are not s i g n i f i c a n t l y
d i f f e r e n t  at (Duncan's m u l t ip le  range t e s t ) .
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The to ta l  number of new roots (GT), fo r  example, produced by seedlings 
in the pruning treatments was almost ha l f  the number produced by 
Control seedlings.
Removal of up to 50% of the roots, markedly reduced LR and 
consequently the tota l length of LR. Removal of 75% of the roots 
resulted in a much greater reduction in LR and TL, but the differences 
between ^ 5 ’ RPgg and RPyg were not s ig n i f ic a n t .
5.4.1.2 Diameter and Height
Diameter and height increment were s ig n i f i c a n t l y  affected 
by removal of  the roots. Seedlings in the pruning treatments RP25>
RP^q and RP-^ a l l  grew less in diameter than the Control seedlings. 
There were no s ig n i f ica n t  decreases in diameter growth, in seedlings 
between treatments RP25 and RP^g, or between treatments RPgg and RPy^, 
however, removing 25% of  the roots (RP25) resulted in s ig n i f ic a n t ly  
better diameter growth in seedlings than did removing 75% of the roots. 
In treatment RP2g diameter increment was almost twice that of treatment
RP75-
Height growth was not as sensit ive to root removal as was 
diameter growth. Height increment of seedlings with 25% of the roots 
removed was not s ig n i f i c a n t l y  d i f fe re n t  from seedlings with no roots 
removed. Seedlings in the control grew more in height than the 
seedlings with more than 25% of  th e i r  roots removed and seedlings in 
the least severe pruning treatment, RP2  ^ grew more in height than those 
in the most severe treatment , RP^.
5.4.1.3 Moisture Content of the Shoot
The moisture content of the shoot (% MCs) of seedlings in 
the Control and pruning treatments RP25 and RP^ g were not s ig n i f ic a n t ly  
d i f fe re n t .  Removal of 50% of the root resulted in a much 
lower % MC$ than in the Control. Severe root pruning, RP75, reduced 
% MC fur ther  although the dif ference between treatments RPy  ^ and RP^ g 
was not s ig n i f ic a n t .
5.4.1.4 Final Dry Weight
S ign i f ican t  dif ferences in the weight of root removed and 
the f ina l  to ta l  root weight between treatments were not unexpected
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(see Table 5.1). The weight of root removed increased with the 
proport ion of the root mass pruned, whi le f ina l  to ta l  root weight 
increased with decreasing severi ty of pruning.
Differences in the dry weights of regenerated root between 
treatments R P259 R P 5 9  ^ R P75 and the Control were s ig n i f ic a n t ,  re f lec t ing  
the better  root growth response in the Control compared to that of 
the other treatments. No s ig n i f ica n t  dif ferences were found in the 
f ina l  shoot dry weight between treatments. Root:shoot ra t ios of 
seedlings in treatment RPy  ^ and the Control were s ig n i f i c a n t l y  d i f f ­
erent from the other treatments. Root:shoot ra t ios of seedlings in 
treatments RP^ q and RP^ were s im i la r .
5.4.2 Experiment 2
5.4.2.1 Root Regeneration Potential
Removal of the f ine root le ts  from root systems (T-j) s i g n i f ­
ican t ly  reduced the number of new white roots 0.1-0.5 cm (SR),
0.6-1.4 cm (MR), and the to ta l  number of new white roots (GT) produced 
by both small (Lot 1) and large (Lot 2) seedlings. Table 5.2 
shows that the large seedlings produced more roots (SR, MR, GT) 
in treatment T2 with no f ine  roots removed than the small seed­
l ings.  These dif ferences in root parameters between Lot 1 and 
Lot 2 seedlings were not tested, however, dif ferences between t r e a t ­
ments w i th in  Lot 1 and Lot 2 were found to be s ig n i f ic a n t .  In t r e a t ­
ment T^, fo r  example, the large seedlings produced 316 new white roots 
(GT) and the small seedlings produced 22, each s ig n i f i c a n t l y  higher 
than 0 and 1 root produced in T-j by large and small seedlings respect­
ive ly .  Another dif ference in root growth between large and small 
seedlings in the two treatments was the number of new white roots 
> 1.5 cm (LR) produced. The large seedlings produced 62 LR in t r e a t ­
ment T2, whereas, the small seedlings did not produce any.
As shown in Table 5.2, new root growth, as defined by the 
parameters in the experiment fo r  both Lot 1 and Lot 2 seedlings in 
treatment T-| was p rac t ica l ly  n i l .  Each seedling in T-| did, however, 
develop 100 or more small white nodules along the remaining primary 
and la te ra l  roots. These nodules appeared to be the early stages of 
development of new ' i n i t i a t e d '  roots. Very few nodules, as described 
above,were produced on seedling root systems in T2.
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Table 5.2 E ffec ts  o f the removal o f f in e  ro o t le ts  on shoot and root 
growth o f small (Lot 1) and large (Lot 2) P. ra d ia ta  
seedlings measured 3 weeks a f te r  p lan t ing  (Experiment 2). 
T1, roots pruned to 9cm, a l l  f in e  ro o t le ts  removed; T2, 
roots pruned to 9cm.
Lot 1 Lot 2
Parameter
mean  ^ C. 2an^  C.Vtreatment V .2 treatment m< 2
Root
Regeneration
Number of new T1 1 >100.0 T1 0 00.0
roots 0.1-0.5 
cm (SR) T2 17 79.9
* * T2 115 20.7 * * *
Number o f new T1 0 00.0 T1 0 00.0
roots 0.6-1 .4  
cm (MR) T2 5 57.6
**★ T2 138 5.9 • k k k
Number o f new T1 0 00.0 T1 0 00.0
roots £1.5 cm 
(LR) T2 0 00.0 NS T2 62 17.3
★  ★ ★
Number o f new T1 1 >100.0 T1 0 0.0
roots £0.1 cm 
(GT) T2 22 60.7
★  ★ ★ T2 316 8.2 • k k k
Diameter and 
Height
I n i t i a l T1 2.78 9.3 T1 7.05 11.3
diameter (mm) T2 2.94 11.0 NS T2 7.40 11.2 NS
Diameter T1 0.04 65.9 T1 0.07 41.4
increment (mm) T2 0.16 39.4 * * * T2 0.22 61.8 NS
I n i t i a l T1 15.06 13.7 T1 45.32 10.8
height (cm) T2 15.92 17.7 NS T2 46.72 11.0 NS
Height T1 0.59 80.5 T1 0.62 63.2
increment (cm) T2 1.02 40.3 NS T2 3.20 13.2 * * *
Final Dry 
Weight
Shoot (g) T1 1.506 16.39 T1 16.922 31.2
T2 1.669 17.19 NS T2 22.462 32.4 NS
Total root T1 0.292 19.48 T1 1.845 20.7
( g ) T2 0.436 11.92 ★  ★ ★ T2 2.915 4.5 * * *
Root:shoot T1 0.19 7.20 T1 0.11 7.12
ra t io T2 0.26 5.06 ★  ★ ★ T2 0.14 14.83 NS
(Cont'd next page)
Table 5.2 (Cont'd)
Parameter
Lot 1 Lot 2
treatment mean^  C.V.^ treatment mean^  C.V.^
Root
removed (g)
T1 0.270 21.11
T2 0.169 21.84 ***
T1 3.896 8.8
T2 2.472 20.1 * * *
1 Mean o f 8 replicates (Lot 1), 4 rep licates (Lot 2).
2 C.V. = Coeff ic ient of V a r ia b i l i ty  in per cent.
Note: Significance levels: * P<0.05, ** P<0.01, * * *  P<0.001,
NS non s ig n i f ic a n t .
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Although not presented in Table 5.2, three small seedlings 
in treatment T-j , each produced 2 new white roots, 0.1-0.5 cm long.
Each new root was produced on a f ine ro o t le t  that had been l e f t  behind 
at the time of  pruning. Of a l l  the seedlings in T-j, only these three 
showed evidence of succulent new shoot growth a f te r  three weeks.
5.4.2.2 Diameter and Height
The height and diameter response to treatments T-j and T^ were 
d i f fe re n t  fo r  small and large seedlings. Diameter increment in the 
smaller seedlings was s ig n i f ic a n t l y  reduced by the removal of the f ine 
roots. Seedlings in treatment T-j produced four times less diameter 
than those seedlings in T H e i g h t  increment, on the hand was not 
s ig n i f i c a n t l y  affected by severe root removal in T-j.
The large seedlings responded in quite the opposite way.
Height increment, rather than diameter increment was s ig n i f ic a n t ly  
reduced by the removal of f ine  roots. Height increment of seedlings 
in treatment T^ was almost f ive  times that of seedlings in treatment 
T-j, with only a 0.62 cm height increase in T-j and a 3.20 cm height 
increase in T^. Diameter growth of  large seedlings was not s i g n i f ­
ican t ly  affected by severe root removal.
5.4.2.3 Final Dry Weight
Differences in the f ina l  to ta l  root dry weight and the weight 
of  root removed between treatments were s ig n i f ic a n t  fo r  both small and 
large trees. The weight of root removed was highest in treatment T-j 
where the largest amount o f  root was removed and the highest f ina l  
to ta l  root dry weight was in treatment T2 , where the least amount of 
root was removed.
Removal of  few roots from seedlings in treatment T2  resulted 
in higher root:shoot ra t ios in T  ^ than in T-| , however, these differences 
were s ig n i f ica n t  only in the small seedl ings.
5.4.3 Experiments 3 and 4
5.4.3.1 Root Regeneration Potential
Table 5.3 shows that in Experiment 3, shoot-pruning had a 
marked e f fec t  on the RRP of the seedlings. The number of new white 
roots 0.5-1.4 cm (SR), * 1.5 cm (LR) and > 0.5 cm (GT), and the to ta l
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Table 5.3 E ffects  o f shoot-pruning on RRP and shoot growth o f 
P. ra d ia ta  seedlings measured 3 weeks a f te r  p lan t ing  
(Experiment 3 and 4 ) .  Treatments SP]2 > SP2 3 , SP35 
represent 12%, 23% and 36% o f the shoot removed respec t ive ly .
Experiment 3 Experiment 4
Parameters treatment mean  ^ C.V.2 treatment mean  ^ C V.2
Root
Regeneration
Number o f  new C 291 45.6 SP12 113 38.2
roots *0.5 cm 
(GT) SP23 121 87.4
* * * SP36 34 >100.0
Number o f  new c 107 21.3 SP 12 48 62.0
roots *1.5 
cm (LR) SP23 32 83.5
* * * SP36 13 >100.0
Number o f new c 184 68.8 SP 12 65 30.3
roots 0.5-1 .4 
cm (SR) SP23 89 95.5
* SP36 21 95.8 ★  ★
Length o f  new c 328.9 28.3 SP12 160.3 87.1
roots >1.5 cm 
(TL) in cm SP23 83.2 79.1
* * * sp36 30.7 >100.0
*
Diameter and 
Height
I n i t i a l  diam- c 5.94 11.4 SP12 6.34 12.3
ete.r (mm)
SP23 6.12 8.2 NS SP36 6.31 11 .4 NS
Diameter c 0.66 41 .7 SP 2 0.35 27.7
increment (mm)
SP23 0.29 63.9
★  ★ ★
SP36 0.16 68.5
* * *
I n i t i a l c 21 .16 18.0 SP 12 40.54 19.2
height (cm)
SP23 21.90 9.5 NS Sp36 43.28 21 .8 NS
Final Dry 
Weight
Shoot (g) c 12.958 24.5 SPl2 13.240 24.6
SP23 9.633 21.4
*★ * SP36 10.914 27.2 * * *
Regenerated c 0.341 37.2 SPl2 0.227 >100.0
root (g)
SP23 0.083 74.2
★  ★ ★
Sp36 0.032 95.6
*
Total root c 3.154 14.6 SP 12 3.420 18.9
(g )
SP23 2.483 17.7
★  ★ ★
sp36 3.380 20.0 NS
(Cont'd next page)
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Table 5.3 (Cont'd)
Parameters
Experiment 3 Experiment 4
1 2treatment mean C.V. 1 2treatment mean C.V.
Shoot C 0.000 00.0 SP12 0.745 35.4
removed (g) SP23 1.450 41.8 *** SP36 2.212 26.9 ***
Root:shoot C 0.25 12.4 SP12 0.27 13.3
ra t io SP23 0.26 8.8 NS SP36 0.32 9.0 NS
1 Mean of 10 rep l ica tes  (Experiment 3),  8 rep l ica tes  (Experiment 4).
2 C.V. = Coeffic ient  of Var iab i l i ty  in per cent.
Note: Significance levels :  * P<0.05, ** P<0.01, *** P<0.001,
NS non s ig n i f i c a n t .
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length of LR (TL) produced by seedlings was reduced by removal o f part 
of the shoot. S im ilar reductions in root growth were found in 
Experiment 4, when severity  of pruning was increased.
In Experiment 3, fo r  example, removing 23% of the shoot 
(S?23) rec*uce<^  the to ta l number of new roots (GT) produced to less 
than h a lf  tha t produced in the Control. An average o f only 121 new 
roots was produced by seedlings in SP^ 3  compared to 291 new roots 
produced by seedlings in the Control. Of a l l  the root parameters 
measured, shoot removal resulted in a marked decrease in the numbers 
and to ta l length of LR produced by seedlings. Seedlings in the Control 
produced 4 times the number and length o f LR than produced in SP2 3 -
In Experiment 4, RRP markedly decreased with an increase in 
the severity  of shoot-pruning. The to ta l number of new roots (GT) and 
the to ta l length o f LR (TL) produced by seedlings in SP^g were almost 
four times less than tha t produced by seedlings in SP^- However, 
even with 36% of the shoot removed a to ta l number o f 34 new roots were 
produced by seedlings.
5.4.3.2 Piameter
Shoot-pruning greatly  affected diameter growth o f the 
seedlings. The differences in diameter increment between treatments 
in both Experiments 3 and 4 were s ig n i f ic a n t .  As shown in Table 5.3, 
diameter growth was s ig n i f ic a n t ly  reduced by removal of part o f the 
shoot in Experiment 3, and by the increased severity  of shoot-pruning 
in Experiment 4.
5.4.3.3 Final Dry Weight
Differences in the f in a l  dry weights of the shoot, regener­
ated root and the shoot removed between treatments in both Experiments 
3 and 4 were s ig n i f ic a n t .
In Experiment 3, the f in a l dry weights of the to ta l root 
were s ig n i f ic a n t ly  greater in the control than the pruning treatment, 
SP2 3 • The lower weight of new regenerated roots in SP2 3  than in the 
Control could account fo r  the d iffe rence. In Experiment 4, the f in a l  
dry weight o f the to ta l root was not s ig n i f ic a n t ly  d i f fe re n t  between 
treatments, even though regenerated root weights were s ig n i f ic a n t ly  
d i f fe re n t .  Root:shoot ra tios  between treatments in both experiments
65
were s im i la r ,  despite the removal of rather large portions of the 
shoot.
5.5 SUMMARY OF RESULTS
5.5.1 Experiment 1
( i )  Al l  pruning treatments, RP^g» RP^ g and RPyg s ig n i f ic a n t ly  
reduced the numbers (SR, LR, GT) and length (TL) of new roots produced 
by seedlings. Differences in these parameters between pruning t r e a t ­
ments were not s ig n i f ica n t .  Seedlings in the Control showed superior 
growth in a l l  root parameters.
( i i )  Removal of roots, regardless of severi ty  reduced diameter 
and height growth in seedlings. Seedlings in treatment RPyg, a l l  grew 
less than the Control seedlings. Height growth of seedlings in PP2 5 » 
although less was not d i f fe re n t  to the Control.
( i i i )  Removal of 50% or 75% of the root reduced the % MC$ of 
seedlings. Severely pruned seedl ings, i . e . ,  RPyg> had s ig n i f i c a n t l y  
lower % MCs than seedlings with 25% or no root removed.
( iv )  Differences in f ina l  to ta l  root weight and weight of root 
removed between treatments were s ig n i f ic a n t  and corresponded with the 
severi ty of  the root-pruning treatment. The greater root growth of 
seedlings (SR, LR, GT, TL) in the Control is re f lected in the greater 
weight of regenerated roots in the Control,  compared to treatments
RP25’ RP50 and RP75‘
(v) Seedlings in RPy  ^ had lower root:shoot rat ios than in the 
Control and treatments RP^ g and RP^g- The dif ferences in the root: 
shoot ra t io  between seedlings in the Control and a l l  pruning treatments 
were s ig n i f ic a n t .  Root:shoot rat ios in RP^ g and RP^ g were s im i la r .
5.5.2 Experiment 2
( i )  The numbers of roots (SR, MR, GT) produced by both Lot 1 
(small) and Lot 2 (large) seedlings were markedly reduced by removal of 
f ine root le ts  from the root system.
( i i )  Large seedlings produced greater numbers of roots (SR, MR, GT) 
and longer (LR) roots in treatment T^ than the small seedl ings, but
the dif ferences between seedling sizes were not tested.
( i i i )  Seedlings in T-j , regardless of size, produced many small 
white nodules along the primary and la te ra l  roots. These nodules were 
new in i t i a t e d  root.
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(iv) Diameter growth in small seedlings was more sensitive to 
removal of fine roots than was height growth. Diameter increment of 
seedlings was significantly higher in treatment than in T-j , whereas 
differences in height increment between treatments were not.
(v) The large seedlings showed greater response to treatment in 
height growth rather than diameter growth. Height increment was 
significantly reduced in treatment T-| but diameter increment was not 
different between treatments.
(vi) The significant differences in final dry weight of total 
root and weight of root removed between treatments for both small and 
large seedlings corresponded to the severity of the pruning treatment.
(vii) Final shoot weights of the small and large seedlings were not 
different between treatments. Root:shoot ratios of the small seedlings 
were greater in treatment J2 than T-|. Similar differences were not 
shown in larger seedlings.
(viii) Three small seedlings in treatment T-j produced 2 new roots, 
on fine rootlets le f t  behind at pruning. Each seedling showed 
evidence of succulent new shoot growth.
5.5.3 Experiments 3 and 4
(i) Removal of a portion of the shoot (Experiment 3) significantly 
reduced the numbers (SR, LR, GT) and the length (TL) of new roots 
produced.
(i i) Reductions in root growth occurred between treatments in 
Experiment 4, where 12% and 36% of the shoot (by length) were pruned. 
Root growth was significantly reduced by severity of pruning.
( i i i )  Diameter growth in seedlings was sensitive to removal of 
part of the shoot (Experiment 3) and to a greater proportion of shoot 
removed (Experiment 4). In Experiment 3, diameter increment in the 
Control seedlings was greater than in treatment SP^, and in Experiment 
4 greater in SP-  ^ than SP^g.
(iv) Differences in the final dry weights of the shoot, shoot 
removed and regenerated root between treatments in both Experiments 
3 and 4 were significant and corresponded to the differences in the 
amount of shoot removed and the numbers and length of new roots 
produced.
(v) The differences in total root weight of seedlings between 
treatments were not significant in Experiment 4 but were in Experiment
3.
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5 - 6  DISCUSSION
I he fol lowing conclusions can be drawn from the four 
experiments examined:
(a) root- and shoot-pruning at planting may be a hazardous 
pract ice, as shoot and root growth is reduced immediately fol lowing 
planting at a time c r i t i c a l  to plant surv iva l .
(b) growth responses of root- and/or shoot-pruned seedlings 
immediately fol lowing planting is related to the severi ty of the 
pruning treatment.
(c) preservation of the f ine roo t le ts  on the root systems of 
seedlings is essential fo r  the immediate subsequent growth of seedlings 
once outplanted.
The most s t r ik ing  resu l t  of these experiments was that root- 
and shoot-pruning caused a severe and immediate reduction in the growth 
of seedlings. I t  is apparent from the results that the amount of root 
or shoot removed determines the extent to which seedling growth is 
depressed a f te r  planting. The reduced diameter and height growth of 
seedlings due to root-pruning is fol lowed by the rapid p ro l i fe ra t io n  of 
new roots or at least evidence of the i n i t i a t i o n  of new root regardless 
of the severi ty of the pruning treatment. Shoot development does not, 
however, show the same rapid regeneration as is evident fo r  root 
development.
The immediate depression in shoot growth and the p ro l i fe ra t io n  
of new roots, even on a markedly reduced root system indicates a change 
in the pattern of seedling growth, tha t  p r io r i t i e s  are given to the 
development of new roots. S imilar changes in seedling growth patterns 
occur in seedlings transplanted, undercut and/or wrenched in the nursery 
(Atterson, 1964; van Dorsser, 1969b; Rook, 1969a,b, 1971; Will  et al. , 
1971; Aldhous, 1972; van Dorsser and Rook, 1972; Benson, 1974; Minko 
and Craig, 1976), in seedlings planted d i re c t l y  to the forest (Rook 
and Hobbs, 1972) and in plants de l ibera te ly  root-pruned in experiments 
(Humphries, 1958, 1960; Maggs, 1964, 1965; Macpherson, 1970).
Regardless of the severi ty of root- and shoot-pruning in the 
treatments examined, a l l  seedlings were able to overcome the i n i t i a l  
transplanting shock and were capable of sustaining l i f e .  The 
experimental conditions were more favourable to the plants than many 
f i e ld  s i tua t ions.  Seedlings in Experiment 2, with a l l  the f ine  rootle ts  
removed would be representative of much of the stock l i f t e d  and planted
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in Austra l ia ,  which has had no nursery h is to ry  of undercutting and/or 
wrenching. The seedlings show a remarkable a b i l i t y  to survive and yet 
at the same time to engage in the p ro l i fe ra t io n  of many new root 
apices, thus making provision fo r  subsequent growth. I t  is surpr is ing 
that seedlings can even survive with such reduced root systems when 
compared to seedlings that have been previously conditioned by under­
cutt ing and/or wrenching or seedlings with less severely damaged root 
systems.
Active root t ips  const i tu te  a major port ion of the absorption 
surface of the root system in nursery seedlings. When seedlings are 
undercut and/or wrenched or l i f t e d  from the nursery some damage to th is  
act ive system of root t ips  must occur. In instances where seedlings 
are severely stripped of f i n e r  roots, the remaining portions of 
suberized primary and la tera l  roots must be the only absorbing surfaces 
avai lable to the seedlings. The seedlings are able to obtain water 
and nutr ients  through these suberized roots (Crider, 1933; Addoms, 1946; 
Kramer, 1946; Kramer and Bullock, 1966; Chung and Kramer, 1975), and 
under favourable conditions maintain the internal water balance of the 
seedlings above the c r i t i c a l  level u n t i l  new roots develop. However, 
i t  is inev itab le that internal water d e f i c i t s  w i l l  fo l low i f  the root 
surface is  inadequate to supply the water lo s t  by the t ransp ir ing  
shoots (see Cameron and Rook, 1969b; Rook, 1973 ; Kozlowski and Davies, 
1975).
The reduced moisture content of the shoots of seedlings with 
severely pruned roots (Experiment 1) indicates that seedlings did undergo 
some water stress. Further evidence of the development of water stress 
in seedlings was shown by the desiccation of primary needles and of 
secondary needle t ips  in a l l  treatments, as described in Chapter 4 
(section 4.4 .1.3) .  Needle desiccation was evident two days a f te r  
p lanting, which indicated that water loss occurred immediately a f te r  
the seedlings were planted. Presumably by a l te r ing  the root:shoot 
ra t ios a greater amount of moisture was lo s t  through t ransp ira t ion  than 
could be absorbed by the pruned root system. The seedlings did not 
w i l t ,  nor did the terminal apices of  the main leader or branches die 
under the favourable moisture and temperature regimes of the experiments. 
Under f i e l d  conditions these seedlings would inev i tab ly  su f fe r  a more 
severe moisture loss than actua l ly  observed.
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In the nursery, especially under dry conditions, it is a 
common occurrence for seedlings to wilt after being undercut and/or 
wrenched (e.g. Benson, 1974). This drastic loss in turgidity is 
only temporary and the seedlings, provided with favourable conditions, 
recover from the initial shock. In the field the wilted leaders of 
these seedlings often do not recover, so that either the tip of the 
shoot or the total shoot dies (Adams et at., 1967; Benson, 1974, 1976a; 
Minko, 1974; Benson and Shepherd, 1977). There is a basic difference 
between the root systems in each of these two situations, which on the 
basis of the present results will be critical for seedling survival.
In the nursery, many fine roots remain intact after undercutting and/or 
wrenching, and in many instances must still retain intimate contact 
with the soil particles and soil moisture reserves. Thus, these plants 
are able to recover turgidity rapidly. The root systems of lifted 
seedlings will possess few fine roots, only the larger laterals remain 
intact, and so will require a much longer time to regenerate new roots 
and to re-establish contact with both nutrient and water reserves in 
the soil. Gurth (1970), Lupke (1973) and Havranek (1975), as described 
by Lavender and Hermann(1976), conclude from recent investigations with 
Picea abies that the damage incurred to the root systems prior to 
planting greatly impairs the uptake of water by seedlings after planting. 
Until the seedling establishes more intimate contact with the soil, the 
existing roots would not be able to maintain the seedling successfully.
Investigations by Rook (1969a,b), Benson and Shepherd (1977) and 
van Dorsser (1969b) with wrenched and unwrenched seedlings have indicated 
that water stress of seedlings after planting in the forest is largely 
determined by the preconditioning history of the plants or the quality 
of the seedlings in terms of an efficient root system and hardened 
shoot. Seedlings with no previous preconditioning by undercutting 
and wrenching have soft, green and actively growing shoots. The root 
systems are often severely damaged. Such plants become severely wilted 
under dry conditions after planting, fail to recover full turgor and 
die. Previously wrenched seedlings are able to maintain adequate 
turgor under similar conditions. The hardened stems, i.e. dry, lignified, 
browned, and greater root surface area of wrenched seedlings reflects 
a shoot capable of withstanding greater environmental stresses and an 
efficient root system for absorbing water and nutrients, for main­
taining high plant internal water contents and for supporting higher 
rates of seedling transpiration.
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The newly planted seedl ings, especia l ly  those with only the 
basic framework of a root system remaining a f te r  l i f t i n g ,  must depend 
to a large extent on food reserves accumulated before planting fo r  
subsequent growth (Kozlowski and Ke l le r ,  1966; Krueger, 1967a; Ronco, 
1973). Investigations in to  the effects  of undercutting and/or 
wrenching on seedling growth have shown that changes do occur in the 
translocation of current photosynthates (Rook, 1971; van Dorsser and 
Rook, 1972) and f o l i a r  nutr ients (Ruiter,  pers.comm.; For. Timb.
Bur., 1971b; Benson, 1976a) in seedlings a f te r  severing the roots.
Current photosynthates and f o l i a r  nu tr ients  are channelled from the 
shoot to the roots to allow seedlings to develop new roots to establ ish 
quickly. The d i rec t  a l te ra t ion  of the photosynthetic surface, 
nu tr ien t  and food reserves by shoot-pruning no doubt, results in a 
disturbance in the internal growing conditions of the seedling and th is  
could in turn a f fec t  the photosynthetic mechanism of the seedling 
(Sweet and Wareing, 1966; Wood, 1969). To what extent the seedlings 
actua l ly  depend on the mobil iz ing of stored food and nu tr ien t  reserves 
is not known. I t  would appear that a seedling with a better  developed 
root system may re ly  on these reserves fo r  a much shorter period than 
would seedlings with a poor root system, or a root system which has 
been cut o f f  or muti lated at transplanting.
From the results of these experiments i t  is apparent that 
when seedlings are undercut and/or wrenched in the nursery, or l i f t e d  
and planted to the fo res t ,  there is a d e f in i te  setback in seedling 
growth, followed by a change in the physiological and metabolic 
a c t i v i t y  of the seedling which favour the p ro l i fe ra t io n  of new roots. 
Consequently, fu r the r  studies as described in la te r  chapters of th is  
thesis, were undertaken to determine any changes in stomatal resistance, 
rates of photosynthesis and dark resp i ra t ion ,  and the translocation of 
photosynthates in seedl ings, in attempts to explain the change in 
seedling growth pattern a f te r  root removal.
A hormonal imbalance could account fo r  these patterns of growth 
fol lowing the removal of part of the root or shoot. The important role 
of the roots, especia l ly the root t i p s ,  and the shoot in the overal l  
hormonal physiology and growth of plants is well known (Burström,
1953; Aberg, 1957 ; Street, 1966; Kozlowski, 1971 a ; Torrey, 1976) and i t  
is inevitab le that an imbalance would occur especia l ly i f  a large 
portion of e i ther the shoot or root were removed. Previous in v e s t i ­
gations have demonstrated that certain growth substances are exported
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from the shoot to the root and that they have some function there 
(Burström, 1953; Street, 1966; Zaerr, 1967; Lavender and Herman, 1970; 
Torrey, 1976). Studies with P. ponderosa , however, have indicated 
that of these growth substances, indoleacetic acid, vitamin B 
(Fowells, 1943) and auxin (Zaerr, 1967) appear to be relatively 
ineffective in promoting root init iat ion.
Sweet and Rook (1972) found that removing the root tips of 
P. ra d ia ta by undercutting and wrenching reduces the inhibitor levels 
in the root and that this reduced inhibitor level is associated with 
a greatly increased relative growth rate of the roots. Very recent 
investigations by G.J. Bacon, Forestry Department, A.N.U. on wrenched 
Pinus caribaea reveal contrasting results.  Bacon found that the water 
stress which seedlings experience immediately after being wrenched 
induces increased levels of abscisic acid, together with reductions 
in both cytokinin and gibberellin levels. While there exists 
contradictory evidence as to exactly what hormonal changes occur when 
roots are removed, the presence of active roots and hence active 
points of meristematic activity as shown in Experiment 2, may be 
necessary for the init iat ion of new shoot growth.
P. ra d ia ta seedlings given favourable planting conditions 
have a remarkable ability to survive drastic alterations of their root 
systems and successfully divert their resources into the proliferation 
of new roots. It is obvious from the results of these experiments 
that seedlings lif ted and planted to the forest without any previous 
history of conditioning in the nursery have reduced chances of survival. 
When l if ted from the nursery and planted these seedlings are not only 
characterized by greatly reduced root systems with virtually no roots 
remaining for immediate elongation or init iat ion of new roots, but, a 
shoot too soft to withstand the ini t ial  shock of being transplanted. 
Desiccation of the terminal apex of the shoot of severely shocked 
seedlings can result in leader death which, in turn will slow down the 
early establishment and rapid growth of the seedlings, which can be 
characteristic of P. ra d ia ta under favourable conditions. Wright 
(1969) found that the death of the leader immediately after planting 
can render seedlings susceptible to fungal infection which can further 
reduce growth.
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Seedlings s u f f i c ie n t l y  conditioned in the nursery with a 
wel1-developed fibrous root system and hardened shoot could better 
withstand any harsh environmental conditions at or a f te r  planting 
including drought and higher temperatures, and immediately respond 
to the new environment. Root systems of conditioned seedlings make 
better contact with the soi l  once planted and because of a more 
f ibrous root system have a greater potential  fo r  regenerating roots 
(Cameron and Rook, 1969b; Rook, 1969b).
P. rad ia ta  seedlings are generally transplanted to the f i e l d  
under the cooler c l imat ic  condit ions of winter. Seedlings with a 
better developed root system and a hardened shoot are able to achieve 
immediate contact with the new soi l  environment, to maintain them­
selves much longer under prevai l ing drought, and therefore, have a 
much greater opportunity fo r  rapid recovery and getaway when better 
c l imat ic  conditions prevai l  than seedlings which are not conditioned.
Regardless of whether seedlings are preconditioned or not, 
any factor  which in h ib i t s  the p ro l i fe ra t io n  of new roots immediately 
a f te r  planting jeopardizes possible survival and early growth of 
these seedlings. The environmental condit ions of the planting s i te  
or in the case of undercutting and/or wrenching, the environment of 
the nursery appear large ly  to determine the a b i l i t y  of the seedling 
to take advantage of any soi l  moisture and nu tr ien t  reserves, and to 
become self-support ing by producing s u f f i c ie n t  assimilate fo r  new 
growth (van Dorsser and Rook, 1972). The extent to which these 
environmental fac tors ,  including l i g h t ,  a i r  and soi l  temperature, 
influence the root regeneration potential  and shoot growth of P. rad ia ta  
seedlings a f te r  planting to the fo res t  or a f te r  undercutting and/or 
wrenching in the nursery is the subject of subsequent chapters of th is  
the s is .
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CHAPTER 6
THE EFFECTS OF LIGHT INTENSITY AND PHOTOPERIOD ON THE ROOT 
REGENERATION POTENTIAL AND SHOOT GROWTH OF Pinus radiata SEEDLINGS
6.1 INTRODUCTION
Light is one of the most important factors governing the 
survival, growth and development of seedlings both in the nursery and 
once planted in the forest. Light affects plant growth through its 
intensity, duration and periodicity or photoperiod, and its quality 
(Shirley, 1929; Burkholder, 1936; Richardson, 1956 ; Kramer and 
Kozlowski, 1960; Bhatnagar, 1966; Leopold and Kriedemann, 1975). 
Variations in any of these light characteristics can modify the growth 
and development of seedlings (Burkholder, 1936; Nitsch, 1957a, b;
Kramer and Kozlowski, 1960) which consequently influences timber quality 
and also the rotation period of the crop. Burkholder (1936) and 
Kramer and Kozlowski (1960), amongst others, review the effects of 
light on plant growth, including both the physiological and morphological 
changes that occur.
There is an extensive literature on the effects of light 
intensity on tree growth. Changes in light intensities have been 
shown to bring about marked morphological changes (Shirley, 1929, 1935, 
1945; Pearson, 1936, 1940; Baker, 1945; Richardson, 1956 ; Logan, 1959, 
1965, 1966, 1970; Kramer and Kozlowski, 1960; Krueger, 1967b;Krueger 
and Ruth, 1969; Wood, 1969; Fairbairn and Neustein, 1970; Loach, 1970; 
Brix, 1971, 1972; Eccher and Liani, 1972; Webb, 1976). Plant growth 
has been examined over a wide range of light intensities in the 
literature. In general, the higher light intensities of those reported 
have been observed to stimulate growth of the plant, resulting in: 
a) a greater production of roots either in weight or length 
(Shirley, 1929, 1945; Biswell, 1935; Baker, 1945; Bieleski, 1959;
Logan, 1959, 1965, 1966; Hellmers, 1963 a ; Steinbrenner and Rediske, 1964; 
Krueger, 1967b;Strothman, 1967; Lavender et al. , 1968; Logan and 
Krotkov, 1968; Wood, 1969; Fairbairn and Neustein, 1970; Brix, 1972; 
Eccher and Liani, 1972; Abod, 1977) and an increased rate of root 
elongation (e.g. Stone, 1967a;Webb, 1976).
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b) an increase in stem diameter (Shir ley,  1929; Logan, 1959,
1965, 1966; Fowler, 1961; Wood, 1969; Fairbairn and Neustein, 1970; 
Brix , 1972; Abod, 1977).
c) a decrease in height growth fo r  some species (Shir ley ,  1929; 
Pearson, 1936, 1940; HelImers, 1963a; Wood, 1969; Fairbairn and Neustein, 
1970; Logan, 1970) or an increase in height fo r  others (Logan, 1966; 
Fairbairn and Neustein, 1970).
d) an increase in the production of fo l iage (e.g. Krueger, 1967b; 
Logan and Krotkov, 1968) or leaf area (Logan, 1966, 1970; Logan and 
Krotkov, 1968).
e) an increase in oven dry weight of the stem and the root 
(Shir ley,  1929, 1945; Baker, 1945; Logan, 1959; Hellmers, 1963a; 
Steinbrenner and Rediske, 1964; Lavender et a l .  , 1968; Fairbairn and 
Neustein, 1970; Brix , 1967, 1971, 1972; Abod, 1977) and of the fo l iage 
and branches (e.g. Shir ley, 1929; Logan, 1966).
f )  an increase in the root:shoot ra t io  (Shir ley, 1929; Baker, 
1945; B ie lesk i ,  1959; Steinbrenner and Rediske, 1964; Krueger and 
Ruth, 1969; Fairbairn and Neustein, 1970).
Very marked dif ferences between species have been reported. 
Species not only vary in the amount of l i g h t  they require at d i f fe re n t  
stages of growth but also in th e i r  response at d i f fe re n t  levels of 
l i g h t  in te ns i ty  (Fairbairn and Neustein, 1970).
Many factors contr ibute to the morphological changes that 
occur under varied l i g h t  in te ns i t ies .  Perhaps the most important are 
the d i re c t  ef fects of l i g h t  in tens i ty  on various physiological 
processes of the seedling including:
a) the rates of photosynthesis (Shir ley,  1929; Kramer and 
Decker, 1944; Bourdeau and Laverick, 1958; Kramer and Kozlowski, 1960; 
Brix , 1967; Krueger, 1967b;Krueger and Ruth, 1969; Larcher, 1969; Rook, 
1969c; Wood, 1969; Loach, 1967, 1970; Logan, 1970; Bleasdale, 1973; 
Devl in, 1975; Abod, 1977).
b) stomatal resistance (Ze l i tch ,  1965; Logan and Krotkov, 1968; 
Turner, 1970, 1974; Wuenschner and Kozlowski, 1970, 1971; Woods and 
Turner, 1971; Davies and Kozlowski, 1974, 1975).
c) translocation of current photosynthates (Logan, 1959;
Shiroya et a l .  , 1962; Nelson, 1963; Wardlaw, 1968).
d) chlorophyl l  synthesis (Shir ley,  1929; Kramer and Kozlowski, 
1960; Logan and Krotkov, 1968; Wood, 1969).
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e) production of growth substances (Kozlowski and Peterson,
1962).
f )  nitrogen metabolism (Shir ley, 1935, 1945).
A l te ra t ion  of natural l i g h t  in te ns i ty  is used to a l im i ted 
extent in the production of seedlings in the nursery and establishment 
a f te r  planting.  The use of shade in nurseries, fo r  example, is  a common 
practice in the production of some tree species (Stoeckelerand Jones, 
1957; Schubert and Adams, 1971; Awang, 1973). The benefits of shading 
include conservation of soi l  moisture; maintenance of high humidity 
and therefore reduced t ransp i ra t i  on of new germinants; reduction in 
extreme changes in temperature; reduced inso la t ion and protect ion from 
birds, heat, and f ro s t  un t i l  seedlings become establ ished (Schubert and 
Adams, 1971; Awang, 1973). Beyond th is  i n i t i a l  a l te ra t ion  in l i g h t  
and heat by shading no form of l i g h t  modif icat ion is  carried out on a 
large scale in nurseries, although containerized stock may frequent ly  
be held under high shade fo r  considerable periods.
In Austra l ia and New Zealand, nurseries of P. vadiata are 
unshaded since sowing and germination normally take place in la te  
winte r , when the chance of heat and drought damage to seedlings is low. 
P. vadiata is  classed as intermediate in shade tolerance (Baker, 1949; 
Pawsey, 1953; Roy, 1966), and shade applied at th is  time would 
inev i tab ly  set back growth and resu l t  in much poorer qua l i ty  stock 
(see Eccher and L ian i ,  1972). Reports by Huberman (1940) and Wakeley 
(1954) have pointed to the unfavourable e f fec t  on root development in 
shading southern pine nursery stock.
The da i ly  duration of l i g h t  (day-length) and even more 
importantly the length of n ight,  a ffects  the growth of many fo res t  
trees. In general, long days enhance seedling growth while short days 
inh ib i t  growth and induce dormancy (Jester and Kramer, 1939; Wareing, 
1948, 1950a,b, 1956; Downs and Borthwick, 1956; Kramer, 1957; Nitsch, 
1957b; Vaartaja, 1957, 1959; Downs and P ir inger ,  1958; Bagley and Read, 
1960; Kramer and Kozlowksi, 1960; Giertych and Farrar, 1961; McGregor 
et al. , 1961; Nienstaedt and Olson, 1961; Skok, 1961; Downs, 1962; 
Lavender et at.* 1968; Bhatnagar et at,, 1970; Wareing, 1971).
The s t r i k in g  effects  of photoperiod on various vegetat ive 
and reproductive responses in woody species are well documented (see 
reviews by Wareing, 1948, 1956; Nitsch, 1957a; Kramer and Kozlowski, 
1960; Fowler, 1961). The growth responses that are affected by
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photoperiod, as ci ted by Wareing (1956), Nitsch (1957b)and Bhatnagar 
e t  a l .  (1970) include:
a) the extent of extension growth
b) duration of extension growth
c) time of leaf  abscission
d) duration of cambial a c t iv i ty
e) induction and breaking of dormancy
f) leaf  growth
g) flowering
h) seed germination.
Not only is the total  growth of t rees affected by day-length 
but also the dis t r ibut ion of growth between various parts of the 
seedling. Exposure of some species to long days, for example, 
st imulates the following growth pat terns:
a) a much greater  production of roots (Bonner, 1940; Fowler, 
1961; Malajczuk, 1967; Hellmers and Pharis,  1968; Lavender and Wareing, 
1972; Rook and Hobbs, 1972).
b) an increase in height growth (Jes ter  and Kramer, 1939; 
Wareing, 1950a; Downs and Borthwick, 1956; Vaartaja,  1959; Bagley and 
Read, 1960; McGregor e t  a t .  , 1961; Jensen and Gatherum, 1965;
Malajczuk, 1967; Hellmers and Pharis,  1968; Lavender e t  a l .  , 1968; 
Bhatnagar e t  a l .  , 1970; Florence and Malajczuk, 1970; Rook and Hobbs, 
1972).
c) an increase in stem diameter (Skok, 1961; Bhatnagar e t  a l .  , 
1970; Rook and Hobbs, 1972).
d) a st imulation in the growth of needles (Wareing, 1950a;
Downs and Borthwick, 1956; Downs and Pir inger ,  1958; Fowler, 1961; 
Jensen and Gatherum, 1965; Bhatnagar e t  a l .  , 1970).
e) an increase in root:shoot  ra t io  (e.g.  Giertych and Farrar,  
1961).
Details of the photoperiodic responses of t ree s ,  however, 
d i f fe r  markedly with species and with di f ferent  races and provenances 
of the same species (Garner and Allard,  1920; Jes t er  and Kramer, 1939; 
Wareing, 1948, 1950a,b, 1956; Downs and Borthwick, 1956; Downs and 
Piringer,  1958; Vaartaja,  1957, 1959; McGregor e t  a l .  , 1961;
Nienstaedt and Olson, 1961). The photoperiodic responses of many 
plant species are modified by temperature and some species require 
a chi l l ing treatment to induce growth (e.g.  Roberts and Struckmeyer,
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1938, 1939, 1946, Gustafson, 1938; Wareing, 1956; Kramer, 1957;
Bagley and Read, 1960; Cram and Lindquist,  1963; Jensen and Gatherum, 
1965).
P. r a d ia ta  behaves d i f f e r e n t l y  to many other species and 
appears to be less sensi t ive to photoperiod (Vaartaja, 1959; Rook, 
1975). Shoot growth of P. r a d ia ta  is s ig n i f i c a n t l y  reduced with a 
short eight hour day compared to a long sixteen hour day, but i t  makes 
appreciable growth under short day-lengths and does not set dormant 
buds (Rook, 1975). In Austra l ia  and New Zealand P. r a d ia ta  owes i t s  
great p roduct iv i ty  to i t s  a b i l i t y  to grow v i r t u a l l y  throughout the 
year.
Investigations in to  the growth responses of P. r a d ia ta  
seedlings to photoperiod and l i g h t  in te ns i ty  are few. In terms of 
root regeneration potential  of seedl ings, no information is avai lable.
The use of a r t i f i c i a l l y  lengthened photoperiods and various 
l i g h t  in tens i t ies  to tes t  the growth responses of P. r a d ia ta  appeared 
to be worth invest igat ing.  Information acquired fo r  such work could 
be useful in devising and in te rp re ta t ing  s i l v i c u l t u r a l  pract ice both 
in the nursery and at the planting s i te .  In the context of intensive 
seedling production the use of supplemental l i g h t  to increase the 
rate and amount of growth of seedlings might be pract ical in some 
circumstances, such as in ra is ing and possibly condit ioning nursery 
stock in a comparatively short time. In the f i e l d ,  knowledge of the 
l i g h t  requirements of the species could be useful in regard to under- 
planting or planting in cutovers bordered by standing timber.
Two experiments are detai led in th is  chapter. Experiment 1 
was carried out to examine a) the shoot growth of in tac t  P. r a d ia ta  
seedlings grown under various l i g h t  in te ns i t ies  and b) the root 
regeneration potentia l  and shoot growth of the preconditioned 
seedlings, three weeks a f te r  replanting under the same l i g h t  
in te ns i t ies .  Experiment 2 examined the e f fec t  of photoperiod on root 
regeneration potential  and shoot growth of P. r a d ia ta  seedlings, three 
weeks a f te r  planting.
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6.2 MATERIALS AND METHODS
P. radiata  seedlings (seed origin: Green H i l ls ,  S.F., N.S.W.)
for both photperiod and l igh t  intensity experiments were raised in a 
Forestry Department glasshouse as described in Chapter 3 (Sections 
3.2.1, 3.3.1, 3.3.3). Throughout this period an extended day-length of 
sixteen hours was provided by fluorescent tubes. When seedlings were 
ready for treatment, they were transferred to the CERES phytotron 
where they were fumigated with organo P before entry.
6.2.1 Experiment 1 - Light Intensity
Out of sixty seedlings (approximately six months old), twenty- 
one were carefully selected for the experiment, seven for each treatment. 
The experiment was conducted in three a r t i f i c i a l l y - l i t ' L B  cabinets at 
CERES, set at the following l igh t  intensit ies:
LI-j - 225pEm~2sec"] (1000 f .c . )
LI2 - 430pEm"2sec_1 (2000 f .c . )
LI3 - 630yEm"2sec_1 (3000 f . c . )
The cabinets were run at a day/night temperature of 27°/22°C with a 
photoperiod of twelve hours.
The l igh t  source for the LB cabinets is twenty-eight V.H.0.
(140 watt) fluorescent tubes - Philips T.L.M.F. 140/33 RS, supplemented 
by four incandescent lamps. The l igh t  canopy is sealed to exclude 
dust and arched to provide a uniform l igh t  intensity across the cabinet.
Light intensity was regulated by switching out pairs of 
fluorescent l ights or by raising or lowering the platform in the cabinet 
which holds the trays of seedlings. The intensity of l igh t  was 
measured with a portable 'Eel1 photoelectric photometer at f ive places 
in the cabinet (near the four corners and centre). The mean of the 
f ive values was recorded as the l igh t  intensity of the cabinet.
Light intensity was checked at weekly intervals and corrected i f  i t  
fe l l  below the required level.
Seedlings with their root systems intact were allowed to 
grow for eighty-six days, under the various l igh t  intensit ies. At 
this time the seedlings were given regular applications of nutrient 
and water, shifted weekly to minimize the effect of position, and 
kept well-spaced to avoid mutual shading. After the eighty-six days 
stem diameters and heights were measured and the height growth of the
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intact seedlings under the three ligh t intensities was determined.
After the preconditioning period, a ll seedlings were carefully 
removed from the pots and regardless of root size pruned to 21 cm from 
the cotyledons. Any white root tips remaining after the pruning were 
pinched o ff  before repotting. Once repotted seedlings were immediately 
returned to the cabinets and allowed to grow under the same ligh t 
intensity in which they had been conditioned previously.
Three weeks la te r, a ll seedlings were harvested. Diameter 
and height increment, root regeneration potential, f ina l dry weight 
of the shoot, regenerated root and total root, and root:shoot ra tio  
were determined for a ll seedlings, as described in Chapter 3 (Section 
3.4). The numbers of new white roots £ 0.5 cm (GT), > 1.5 cm (LR) 
and 0.1-1.4 cm (SR) were counted and the lengths of LR (TL) were 
measured.
6.2.2 Experiment 2 - Photoperiod
From eighty seedlings (one hundred days old), twenty-four 
were carefully selected for treatment. The experiment was carried out 
in a n a tu ra l ly - l i t  C cabinet (see Chapter 3, Section 3.2.1) situated 
in an open glasshouse at CERES. Eight seedlings were placed into 
each of the three C units, each controlled for d ifferent photoperiods.
The photoperiods were:
P1q - ten hour photoperiod 
P]2 ■ twelve hour photoperiod 
P]g - sixteen hour photoperiod
Seedlings in a ll treatments received eight hours of natural daylight 
and photoperiod extensions were provided by incandescent lamps. Air 
temperatures in the units were set for an eight hour, 27°C day and a 
sixteen hour, 22°C night. The eight hours of natural l ig h t were 
synchronized with the day temperature.
Seedlings were acclimatised for twelve days under the various 
photoperiods before the ir root systems were pruned and trimmed as out­
lined in Chapter 3 (Section 3.3.4). In brie f, the roots were pruned 
to 21 cm from the cotyledons and any white root tips remaining were 
pinched o ff.  Once repotted seedlings were returned to the C cabinets 
until harvested. During this treatment period seedlings were maintained 
as described in Chapter 3 (Section 3.3.3).
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After four weeks, the diameter and height increment, root 
regeneration potential, f ina l dry weight of the shoot, regenerated 
roots and total root and root:shoot ra tio  were determined for each 
seedling, as described in Chapter 3 (Section 3.4). Root regeneration 
potential was based on the number of new white roots > 0.5 cm (GT),
> 1.5 cm (LR) and 0.5-1.4 cm (SR), and the length (TL) and average 
length (AL) of LR produced by each seedling.
6.3 STATISTICAL ANALYSIS
In both photoperiod and l ig h t intensity experiments, Duncan's 
multiple range test was used to test the differences between the 
treatment means. The differences for a ll parameters were tested at 
the 5% level of significance. Coefficients of va r ia b il i ty  were 
calculated for every parameter measured.
The results of the analyses of the l ig h t intensity and 
photoperiod experiments are presented in Tables 6.1 and 6.2, and 
Table 6.3 respectively.
6.4 RESULTS
6.4.1 Light Intensity
6.4.1.1 Height Growth of Intact Seedlings
Results presented in Table 6.1 show that height growth of 
intact seedlings was s ign ificantly  affected by lig h t intensity. After 
eighty-six days, seedlings under the lowest l ig h t intensities in 
treatments LI-j and LI^ were s ign ificantly  ta l le r  than seedlings under 
the highest l igh t intensity, LI^. The height increments of seedlings 
in treatments LI-j and LI^ were not s ta t is t ic a l ly  d iffe ren t, but 
s ign ificantly  greater than for seedlings in treatment LI^. Height 
increments of seedlings in treatment LI-j , for example, were more than 
twice thoseof seedlings in treatment LI^.
Unfortunately, stem diameter was not measured in i t ia l l y ,  
however, as shown in Table 6.2, stem diameter after eighty-six days 
was s ign ificantly  d ifferent between treatments. Stem diameter 
increased with increasing l igh t intensity. The plants were of quite 
d ifferent form, as the shortest and stockiest of a ll the seedlings were 
in treatment LI^ , the ta l le s t and more slender in treatment L I^. The
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Table 6.1 Height growth o f  i n ta c t  V. ra d ia ta  seedl ings under 3 
i n t e n s i t i e s  measured a f t e r  86 days. Treatments LI-|, 
and L13 represent l i g h t  i n te n s i t i e s  o f  225 yEm"^sec"^ 
f . c . ) ,  430 pEirf^sec-  ^ (2000 f . c . )  and 630 yEnT^sec"^ 
f . c . )  respec t ive ly .
Parameter Treatment Mean (C.V ) 1 2
I n i t i a l  height 
(cm)
30.4(14.3)
L I 3
33.2(32.2)
L I1
34.9(7.31)
L I2
Height a f te r  86 
days (cm)
37.96(14.8)
L I 3
46.30(10.1)■
l i 2
51.00(12.1)
L I1
Height increment 
a f te r  86 days
7.59(39.1 ) 
L I 3
11.44(29.8)
l i 2
16.87(65.0)
L I1
(cm)
Diameter a f te r  
86 days (mm)
10.00(5.9)
L I1
12.14(6.0)
u 2
13.63(8.5)
L13
1 Mean of 8 rep l ica tes .
2 C.V. = C o e f f ic ie n t  o f  V a r i a b i l i t y  in per cent.
Note: Horizontal  l ines  j o i n  treatment means th a t  are not s i g n i f i c a n t l y
d i f f e r e n t  a t Pq g g  (Duncan's m u l t ip le  range t e s t ) .
l ight
l i 2
(1000
(3000
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Table 6.2 The e f fec t s  of l ig h t  in t e n s i ty  on the RUP and shoot growth 
of P. radiata  seedl ings measured 3 weeks a f t e r  p l an t ing .  
Treatments LI )t U 2 and l l 3 r epresent  225 pEm^sec- ’
(1000 f . c . ) ,  430 pEm"2sec’ 1 (2000 f . c . )  and 630 pEm~2sec-1
(3000 f . c . ) r e spec t ive ly .
Parameter Treatment Mean  ^ (C.V.)^
Root Regeneration
Number of new roots 171(58.4) 246(49.3) 289(24.3)
20.5 cm (GT) LIi LI2 U 3
Number of new roots 102(66.4) 149(58.7) 192(26.2)
21.5 cm (LR) u i l i 2 U 3
Number of new roots 69(49.3) 95(25.1) 97(42.0)
0 .5 -1 .4  cm (SR) u , u 3 l i 2
Length of new roots 311.2(61.0) 543.3(76.0) 736.6(42.0)
>1.5 cm (TL) in cm LI1 LI2 ' U 3
Diameter and Height
I n i t i a l  diameter (mm) 10.00(5.9) 12.14(6.0) 13.63(8.5)
LI1 LI2 LI3
Diameter increment (mm) 0.22(>100.0) 0.51(69.9) 0.71(69.6)
LI2 LI1 LI3
I n i t i a l  height (cm) 37.96(14.8) 46.3(10.1) 51.0(12.1)
U 3 l i 2 LI1
Height increment (cm) 0 .29(>1QQ .0) 0 .43(>100.0) 0 .42(>100.0)
LI3 LI1 LI2
Final Dry Weight
Shoot (g) 39.237(10.3) 61.953(17.3) 69.819(17.8)
LI1 LI2 LI3
Regenerated root (g) 0.113(45.7) 0.241(>100.0) 0.289(50.3)
LI1 LI2 LI3
Total root (g) 7.329(32.6) 11.396(16.5) 12.611(23.8)
LI1 l i 2 LI3
Root:shoot r a t io 0.19(14.6) 0.19(11.7) 0.21(19.2)
LI1 u 2 LI3
1 Mean of 7 r ep l i ca te s .
2 C.V. = Coef f i c i ent  of V ar ia b i l i ty  in per cent .
Note: Horizontal l ines join t reatment means th a t  are not s i g n i f i c a n t l y
d i f fe re n t  a t  PQ (Duncan's mul t iple  range t e s t ) .
stocky and slender appearance of the stems of seedlings in these 
l igh t  intensities were due direct ly  to the diameter in proportion to 
the height.
6.4.1.2 Root Regeneration Potential
As indicated in Table 6.2, the seedlings under the highest 
l igh t  intensity, LI^, showed the best root regeneration potential, 
but, the only signif icant differences were between the highest (LI^) 
and lowest (LI-j) l igh t  intensity. For numbers of short new roots (SR), 
there was no signif icant difference between treatments. The length 
(TL) of roots in treatment LI-| was less than half the TL in treatment
6.4.1.3 Diameter and Height of Root-pruned Seedlings
As shown in Table 6.2, the in i t ia l  diameter and height of 
seedlings differed between treatments due to the previous period 
of different l ight intensity, but, regardless of the seedling size, 
there were no signif icant differences in the diameter or height 
increments between the three l ight intensit ies during the treatment 
period of three weeks following root-pruning. Seedlings with the 
largest diameter i n i t i a l l y  in treatment LI^ increased most in diameter 
and the ta l les t  seedlings in treatment LI-j increased most in height 
but these minor differences were not s ta t is t ica l ly  signif icant.
6.4.1.4 Final Dry Weight
The l igh t  intensit ies examined had marked effects on the size 
and consequently the dry weights of the seedlings. Seedlings pre­
conditioned and allowed to grow under the lowest l igh t  intensity had 
the lowest f inal shoot and total root dry weights. In general, the 
shoot and total root dry weight of seedlings increased with increasing 
l ight intensi ty,  with the highest dry weights recorded in treatment 
LI^. No differences were found in shoot and total root dry weights 
between treatments LI^ and L I ^ b u t  the differences between LI^ or 
LI^ and LI^ were signif icant. The weight of new regenerated roots 
was not s ignif icantly dif ferent between treatments. Thus, the marked 
differences in total root dry weight can be attr ibuted to the 
considerably smaller in i t i a l  root size of seedlings kept at lower 
l igh t  intensit ies.
84
The root:shoot ra t ios  of seedlings under a l l  l i g h t  in tens i ty  
treatments were s im i la r ,  despite the dif ferences in seedling sizes 
and the amounts of root system ac tua l ly  removed at root-pruning. Al l 
seedlings, regardless of size were pruned to a predetermined length 
(c . 21 cm from the cotyledons), consequently the large seedlings with 
long root systems were actua l ly  more severely pruned than were the 
smaller seedlings.
6.4.2 Photoperiod
6.4.2.1 Root Regeneration Potential
The root regeneration potentia l  of seedlings was not 
markedly influenced by the three photoperiods examined. Al l  seedl ings, 
regardless of day-length, produced large numbers (GT, LR, SR) and 
lengths (TL) of new roots (Table 6.3).
Although no s ig n i f ic a n t  dif ferences were found in the number 
of new roots > 1.5 cm (LR) produced between treatments, the greater 
LR and TL fo r  seedlings in treatment P-jg, suggests that longer days 
favour growth of longer roots. The dif ferences in TL between t r e a t ­
ments P]2 and P]g were not s ig n i f ic a n t ,  but TL produced by seedlings 
in treatment P-|£ was s ig n i f ic a n t l y  greater than produced in treatment 
P]2- The average length of LR (AL) increased with an increase in day- 
length, with the shorter roots produced under the ten hour photoperiod. 
The highest number of new roots (GT) was produced by seedlings under 
a ten hour and sixteen hour photoperiod. The greater number of new 
roots 0.1-1.4 cm (SR) produced under the shortest day, P]g> accounts 
fo r  the higher GT produced under the ten hour than sixteen hour day.
Regardless of the root parameter measured, seedlings under 
the twelve hour photoperiod showed the poorest growth. The low LR and 
SR produced by seedlings in treatment P]2 accounts fo r  the lowest TL 
and GT of a l l  the photoperiods examined.
6.4.2.2 Diameter and Height
Diameter growth of the seedlings was not affected by a ten, 
twelve or sixteen hour photoperiod. Diameter increment dif ferences 
between treatments were not s ig n i f ic a n t  (Table 6.3).
Height increment, on the other hand, increased with an 
increase in photoperiod. Differences in height increment between
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Table 6.3 The e f fec ts  of  photoperiod on the RRP and shoot growth of  
P. vad ia ta  seedlings measured 4 weeks a f t e r  p lan t ing .  
Treatments P]o, P]2 ar>d P16 represent the 10, 12 and 16 
hour photoperiod respec t i ve ly .
Parameter Treatment Mean^ (C.V.)^
Root Regeneration
Number o f  new roots 
>0.5 cm (GT)
88(27.0) 
P1 2
110(20.3)
P16
124(26.7)
P10
Number of  new roots 
>1.5 cm (LR)
66(28.7)
P12
80(27.0)
P10
86(17.3)
P16
Number of  new roots 
0 .5-1.4 cm (SR)
22(45.3) 
P12
24(47.6)
P16
44(38.2)
P10
Length of  new roots 
>1.5 cm (TL) in cm
360.2(36.0) 
P12
415.1(32.4)
P10
515.9(11.8)
P16
Average length of 
new roots >1.5 cm 
(AL) in cm
5 .1 (0 . ! )
P10
5.5(24.4)  
P12
6.6(13.3)
P16
Diameter and Height 
I n i t i a l  diameter (mm) 2.41(5.8)
P10
2.38(5.5)  
P12
2.48(8.1)
P16
Diameter increment 
(mm)
0.56(47.4)
P12
0.62(30.5)
P10
0.66(30.1)
P16
I n i t i a l  height (cm) 13.95(8.4)
P12
13.96(13.6)
P10
15.09(8.8)
P16
Height increment (cm) 3.61(22.8)
P10
4.99(25.5) 
P12
6.96(19.0)
P16
Final Dry Weight 
Shoot (g) 1.128(18.0)
P10
1.228(16.4) 
P12
1.492(12.0) 
P16
Regenerated root  (g) 0.105(24.8) 
P12
0.128(24.9)
P10
0.140(14.3)
P16
Total root  (g) 0.313(14.4) 
P12
0.392(15.9)
P10
0.397(5.8)
P16
Root:shoot r a t i o 0.26(4.3)
P12
0.27(5.4)
P16
0.35(12.3)
P10
1 Mean of  8 rep l i cates .
2 C.V. = C oe f f i c ien t  of  V a r i a b i l i t y  in per cent.
Note: Horizontal  l i nes  jo i n  treatment means th a t  are not s i g n i f i c a n t l y
d i f f e r e n t  at  P0.05 (Duncan's m u l t i p le  range t e s t ) .
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treatments were statistically significant. Seedlings in treatment Pgg 
showed the poorest height increment, almost half that of seedlings in 
treatment Pg5, which grew the most.
6.4.2.3 Final Dry Weight
Seedlings under the sixteen hour photoperiod had the highest 
shoot dry weight of the photoperiods examined. Shoot dry weights of 
seedlings under the ten and twelve hour photoperiod were similar, and 
significantly less than for seedlings under the sixteen hour photoperiod. 
This greater shoot weight in treatment Pgg could be attributed to the 
greater (but not significantly different) initial diameter and height 
of these seedlings, as well as the increase in height during the treat­
ment period. For this reason, the greater shoot weight may not be 
attributed solely to the effect of photoperiod.
The weight of regenerated root is significantly greater in 
treatment P]g than in P]2> which reflects the greater numbers and 
lengths of roots produced by seedlings in Pg g than in Pg 2 - Differences 
in regenerated root weight between treatments P ] 2  and P g q > and treat­
ments P]q and P]g were not significant.
Seedlings under the twelve hour photoperiod had the lowest 
root dry weights of all treatments. The dry weight of roots in 
treatments P]q and Pgg were similar, and significantly greater than for 
seedlings in treatment P]2- The differences in regenerated root weight 
could account for the differences in the total root dry weights, 
however, the initial sizes of the root system may have been responsible. 
In viewing the differences in final dry weights it must be kept in mind 
that variability in the sizes and therefore dry weights of seedlings 
could mask the real effects of treatment. This is particularly so, if 
the effects of the treatment are not marked.
When harvested, seedlings under the ten hour photoperiod had 
the highest root:shoot ratio of all photoperiods, which reflects the 
greater root than height growth of these seedlings. Root:shoot ratios 
of seedlings in treatment Pg2 and Pgg were the same, and significantly 
lower than for seedlings under the shorter day, P]q .
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6•(i) *5 SUMMARY OF RESULTS
6.5.1 Experiment 1 - Light Intensity
( i )  Marked differences were observed in the shoot growth of 
intact seedlings after being grown under various l ight intensity 
treatments. Height growth of seedlings was greatly reduced and stem 
growth markedly increased with an increase in l igh t  intensity.
( i i )  Light intensity had a signi f icant effect on the form and 
quality of seedling produced. On the basis of shoot length:shoot 
diameter rat io or shoot diameter alone, seedlings under the highest 
l igh t  intensity were sturdier than seedlings under low l igh t.
Seedlings in treatment LI-j were more slender and etiolated in 
appearance.
( i i i )  Seedlings under the highest l igh t  intensity produced the 
greatest numbers (LR, GT) and length of new roots (TL), but only the 
differences between treatments LI^ and LI-j were signif icant.
Differences in SR were not signif icant between treatments.
( i v ) Regardless of the in i t ia l  differences in seedling size, due 
to the di fferent l igh t  intensit ies, diameter and height increments 
were not signif icantly di fferent three weeks after root-pruning and 
-trimming.
(v) Light intensity had marked effects on dry matter production 
of seedlings. Shoot and total root dry weight of seedlings increased 
with increasing l igh t  intensity, with highest dry weight in treatments 
LI and LI^ and lowest in treatment LI^.
(vi) The in i t ia l  root size of seedlings under low l igh t  was 
considerably smaller than of seedlings in treatments LI^ and LI^-
(v i i )  Root:shoot ratios of seedlings in all  treatments were similar 
at the end of the three week treatment period, despite i n i t i a l  size
differences.
6.5.2 Experiment 2 - Photoperiod
( i )  The root regeneration potential of seedlings was not
markedly influenced by photoperiod. Root growth in all treatments was
substantial four weeks after planting.
( i i )  Slightly poorer root growth was shown under the twelve hour
day in terms of numbers (LR, SR, GT) and length (TL) of new roots, as
88
compared to the sixteen hour day which favoured the proliferation of 
many new and especially long roots (LR, TL). Differences between 
treatments were not all significant (see Table 6.3).
( i i i )  The short ten hour day stimulated the production of a 
greater number of short roots (SR, AL) on seedlings. In terms of total 
number of new root produced (GT) no differences were found between 
treatments P-|q and P
(iv) Diameter growth was not significantly influenced by photo­
period over the four week treatment period.
(v) Height growth increased significantly with an increase in 
photoperiod. Seedlings under a sixteen hour day showed the best growth, 
those under a ten hour day the poorest.
(vi) The greatest dry matter production, in terms of shoot, total 
root and regenerated root was under the longest photoperiod. The 
shoot and total root dry weights of seedlings under the ten and twelve 
hour day were similar. The only differences in regenerated root 
weight were between treatments P ^  and P-|g.
(vii) At the end of four weeks seedlings under the short ten hour 
day had the highest root:shoot ratio of all treatments. Rootishoot 
ratios of seedlings under the twelve and sixteen hour photoperiod were 
similar.
6.6 DISCUSSION
On the basis of the results and within the limitations of 
the experimental conditions reported here, the following conclusions 
can be drawn:
a) light intensity has a significant effect on the growth and 
development of the shoot and the root of P. radiata  seedlings.
b) growth of P. radiata  seedlings is not extremely sensitive 
to changes in photoperiod.
Results from the light intensity experiment indicate that 
growth of intact and root-pruned seedlings is markedly reduced by low 
light intensities.  Striking differences in size and form became 
evident in seedlings during both the preconditioning period and the 
post root-pruning treatment period, under the various light intensities.  
The most outstanding feature of the experiment was the relative 
distribution of growth between shoot and root under the highest and 
the lowest light intensity.
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Stem elongation of seedlings with intact root systems varied 
inversely with light intensity while stem diameter was proportional to 
the intensity. Seedlings under low light were very slender in 
appearance, which was due directly to their superior height rather 
than due to reduced diameter. Seedlings under low light were 
characteristic of etiolated plants. Succulence under low light is 
favoured at the expense of strength and sturdiness, in agreement with 
reports by Shirley (1929), Pearson (1936), Logan (1970), Eccher and 
Liani (1972), and others. Consequently, seedlings under the highest 
light intensity, as these were more sturdy, were the better quality 
seedl ings.
The responses observed in the morphological features of the 
seedlings to the light conditions imposed were similar to responses 
previously observed in P. ra d ia ta  (Baker, 1945; Wood, 1969; Eccher 
and Liani, 1972) and other tree species. P. ra d ia ta  seedlings have 
exhibited maximum height growth under shade (Baker, 1945; Wood,
1969) but greatest root growth with increasing light intensity 
(Baker, 1945; Wood, 1969; Eccher and Liani, 1972), all in direct 
agreement with results presented here.
Increased height growth of seedlings under low light,  but 
poor development of root systems (in terms of dry weight, Table 6.2, 
i . e . ,  total root weight minus regenerated root weight), suggests 
preferential growth of shoot over root under low light intensity.
Under high light intensit ies,  the reverse pattern of growth was 
observed.
Pruning the roots of seedlings altered both these patterns of 
growth distribution. Shoot growth was markedly checked by root- 
pruning under all the light intensities examined, even after three 
weeks seedlings showed l i t t l e  evidence of diameter and height growth. 
The physiological and morphological changes of the seedlings brought 
about by preconditioning under the various light intensities appeared 
to have l i t t l e  influence on the immediate shoot growth of seedlings 
following root-pruning. The proliferation of new roots was, however, 
favoured to the immediate growth of the shoot, a growth pattern 
previously observed in Chapter 5 in seedlings root-pruned, undercut 
and/or wrenched.
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Higher light intensities enhanced the regeneration of 
greater numbers and lengths of new roots, which is in agreement with 
work reported on Pinus s tro b u s  L. (Logan, 1959), Pinus ponderosa  Laws. 
(Steinbrenner and Rediske, 1964; Stone, 1967a), Pseudotsuga m e n z ie s ii  
(Mirb.) Franco (Steinbrenner and Rediske, Krueger, 1967b), Pinus 
res in o sa  Ait. (Strothman, 1967), Pinus caribaea  Mor. and Pinus kes iya  
Royle ex Gordon (Abod, 1977).
The differences in root growth between treatments may well 
have been somewhat different had similar proportions of the root 
system relative to the root size been removed. Pruning all the root 
systems to a predetermined length resulted in differences in the 
relative amount of root removed from seedlings and consequently 
differences in the size of the root system from which subsequent root 
growth would occur. As shown in Chapter 5, severity of pruning largely 
determines the extent of immediate root growth. The data presented 
therefore may be a response to both light intensity and the residual 
root system.
There is known to be a direct relationship between the rate 
of photosynthesis and light intensity, provided no other factor is 
limiting (e.g. Devlin, 1975). Any changes to the size of the plant 
or photosynthetic system would undoubtedly alter the rates of photo­
synthesis (Bleasdale, 1973). Recent investigations by Abod (1977) 
with P. caribaea  and P. k e y s ia  seedlings (see also Chapter 9) show 
that the rate of photosynthesis declines and rate of dark respiration 
increases immediately after root-pruning, followed by a consistently 
low rate of photosynthesis for several weeks. Under 16% 
shade P. caribaea  seedlings showed marked and sustained reductions in 
photosynthesis throughout the four week treatment period, with no 
signs of recovery to the original rates of photosynthesis. Seedlings 
under 50% and 100% sun showed higher rates of photosynthesis and 
dark respiration at the end of the four week period. The reduced shoot 
growth of seedlings observed in these experiments may be related 
directly to reduced rates of photosynthesis.
Some authors contend that changes in the rate of photo­
synthesis due to a change in light intensity would have a commensurate 
effect on the elongation of roots (Richardson, 1956; Webb, 1976). But, 
Krueger (1967) working with Ps. m e n z ie s ii  seedlings at low light 
intensities ( i . e . ,  35-1050 f .c .)  found that where photosynthesis
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exceeded respiration production of new roots resulted, suggesting 
that current photosynthates played a major part in root production.
Work by Shiroya e t  a l .  (1962) indicates that the translocation of 
current photosynthates to the roots is reduced in seedlings grown under 
low light intensit ies,  which could account for poor production of roots 
under low light. Wood (1969) found that the rate of dark respiration 
was lowest for P. ra d ia ta  seedlings grown under shade and that the 
needles of shade grown plants had a high photosynthetic capacity. The 
abili ty of P. ra d ia ta  to maintain some photosynthetic activity under 
low light intensities could be the reason for the significant growth 
of seedlings even under the lowest light intensity examined in the 
present experiments.
The various growth responses of seedlings under different 
light intensities can also be attributed to changes in hormone 
production (e.g. Kozlowski and Peterson, 1962), nitrogen metabolism 
(e.g. Shirley, 1935, 1945), enzymic differences (e.g. Logan and 
Krotkov, 1968) and stomatal resistance (e.g. Shirley, 1945; Logan and 
Krotkov, 1968). To what extent these processes, and the rates of 
photosynthesis and dark respiration of root-pruned P. ra d ia ta  are 
influenced by light intensity requires further investigation.
Under the light intensit ies examined, i . e ,  approximately 
10-25% of maximum sunlight, i t  has been shown that P. ra d ia ta  
seedlings are capable of intercepting sufficient light energy to 
sustain growth. It  seems that shading of P. r a d ia ta , although not 
commonly practiced in the nursery or in the forest,  would inevitably 
lead to production of poor quality seedlings. But, as shown by the 
results of the experiment P. ra d ia ta  seedlings are capable of substantial 
early root growth after root-pruning when raised and planted into 
light intensit ies as low as 10% of maximum sunlight (approximately 
2500pEm sec for December-January in the Canberra area).
The lowest light intensities in the Canberra area occur in
the winter months of June and July, at which time incoming daily
-2 -1radiation is approximately HOOpEm sec . Seedlings raised and planted
- 2  -1 - 2  -1 - 2  -1 at 225pEm sec , 430pEm sec and 630pEm sec in this experiment
all showed a proliteration of new roots. Even at a light intensity of 
-2 -1225pEm sec which is almost one f i f th the light intensity encountered 
in the field at the time of planting, P. ra d ia ta  seedlings are capable 
of successfully regenerating a new root system.
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The experimental seedlings received twelve full hours of 
constant light intensity under a day/night temperature of 27°/22°C. 
Such conditions may in fact be much more favourable to the growth of 
seedlings than might at f i r s t  appear. Seedlings in the nursery and 
forest would be subject to a shorter day-length (c. ten hours) with 
approximately only five hours of sunshine daily and would be subject 
to cooler air and soil temperatures. Total incoming solar radiation 
and low air and soil temperatures may therefore limit seedling growth 
in the winter months in the field more than might be inferred from 
this light intensity experiment.
The growth of P. ra d ia ta  seedlings was altered l i t t l e  by 
photoperiod treatment. A greater number and length of long roots was 
found under the longest day-length of sixteen hours together with 
increased height growth. A greater number of short roots was found 
under the shortest day of ten hours.
The tendency for better growth of seedlings under the 
longest day-length agrees with previous investigations with P. ra d ia ta  
(Malajczuk, 1967; Florence and Malajczuk, 1970; Rook and Hobbs, 1972) 
and many other species, for example, P icea pungens Englem., Pinus 
s y l v e s t r i s  L. (Cram and Lindquist, 1963), Tsuga canadensis  (L.) Carr. 
(Nienstaedt and Olson, 1961), Sequoia g ig a n tea  (Lindl.) Decne. (Skok, 
1961) and Pinus ro xburgh ii Sarg. (Bhatnagar e t  a l .  , 1970). Contrary 
to these results,  Vaartaja (1959) found that P. r a d ia ta , together with 
a few other species, was not at all responsive to photoperiod. Growth 
responses under long and short days varied l i t t l e  for these species.
The results of this experiment, show that the number of new 
roots > 1.5 cm (LR) produced by seedlings under the ten, twelve and 
sixteen hour day-lengths were s ta t i s t ica l ly  similar, but that the new 
roots > 1.5 cm were longer under the sixteen hour day-length. This 
tendency for greater proliferation of longer roots under increased 
photoperiod has been previously observed by Fowler (1961) with intact 
P. s tro b u s  seedlings and by Lavender and Wareing (1972) with nursery 
lif ted Ps. m e n z ie s ii  seedlings.
Interestingly, the greatest number of short roots (SR, new 
roots 0.5-1,4 cm) produced was by seedlings under the shortest day- 
length of ten hours, almost double the number of the other treatments. 
Because of this large number of short roots, the total number of new 
roots produced (GT, new roots > 0.5 cm), favours the odd combination
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of treatments P- j g and P-j q . The greater to ta l  number of new roots in 
treatment P-jq arises because of the greater number of short roots and 
s t a t i s t i c a l l y  s im i la r  amounts of long roots (> 1.5 cm) produced under 
both P ] q and P]g.
Greater numbers of short roots produced in treatment P]q 
indicate seedlings under short days have at least an equivalent 
potential  i f  not a greater potential  fo r  root regeneration as seedlings 
grown under longer day-lengths. But, i t  is apparent from the observa­
t ions of root lengths that longer days favour the extension of roots.
Longer day-lengths provide a longer period fo r  the active 
photosynthesis resu l t ing in increases in the quant i ty of photosynthetic 
material avai lable fo r  both shoot and root growth. However, seedlings 
in a l l  treatments in th is  experiment received only eight hours of 
natural day l i g h t  during which appreciable photosynthesis would occur.
The supplemental i l lum ina t ion  by low l i g h t  in te ns i ty  incandescent 
lamps (c. 50 f . c . )  would not resu l t  in any s ig n i f ica n t  photosynthesis 
fo r  the remaining photoperiod. The greater shoot elongation of the 
seedlings under the longer photoperiod, therefore , is presumably the 
resu l t  of a photoperiodic e f fec t  rather than the e f fec t  of increased 
photosynthates.
The elongating inf luence of incandescent-fi lament l i g h t  on 
the vegetative growth of woody plants is known, and has been a t t r ibu ted 
to the fa r  red to red radiant energy emitted by incandescent lamps 
(Downs and Borthwick, 1956; Downs and P ir inger, 1958; Downs, 1962). The 
p lant 's  phytochrome system is known to t r igge r  growth responses such 
as stem elongation upon exposure to th is  qua l i ty  of l i g h t  (Downs, 1962; 
Leopold and Kriedemann, 1975). The increased height growth of seedlings 
under the longest photoperiod would probably be the resu l t  of a greater 
absorption of red to fa r  red l igh t  by the phytochrome system and a 
more e f f i c i e n t  u t i l i z a t i o n  of food produced.
The observed dif ferences in the growth of seedlings may have 
been related to the a v a i la b i l i t y  of growth substances. Bonner (1940), 
Wareing (1948, 1956) and Lavender and Wareing (1972) suggest that the 
production of growth substances necessary fo r  shoot or root growth is 
affected by day-length condit ions to which the seedling is exposed.
A higher level of growth substances in seedlings under long photoperiod 
(see Bonner, 1940; Wareing, 1948, 1956) could be responsible fo r  the 
s l i g h t l y  improved root and height growth of seedlings grown under a 
sixteen hour day.
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The results indicate that P. radiata seedlings are capable 
of proliferating new roots under the photoperiods encountered in the 
nursery and the forest in Australian latitudes, providing no other 
factors are limiting. At latitude 35°S (approximately), at which 
Canberra is situated, day-length varies from about fourteen hours in 
summer (December-January) to ten hours in winter (June-July), comparable 
to the photoperiods examined in this study. In the Canberra area, 
scheduling of undercutting and/or wrenching operations could be under­
taken without consideration as to the length of day. Similarly, 
seedlings planted to the forest in winter would be capable of proli­
ferating new roots immediately after planting unhampered by any 
inhibiting action of shorter days.
The day-length regimes were all conducted under a single day/ 
night temperature regime, 27°/22°C. Such a temperature would be very 
different to the temperature conditions encountered during the shorter 
days of winter in the Australasian environment. Day/night air 
temperatures of 27°/22°C do not occur in the winter months, however, 
air temperatures near ground level may reach these temperatures for _2short periods during the day, perhaps when solar radiation (c. llOOpEm 
sec reaches a daily maximum. This could favour significant photo­
synthesis. But soil temperatures would not rise to such an extent, 
and may then be the most important factor limiting seedling growth in 
winter and early spring.
From the results presented, it is shown that P. radiata 
seedlings in terms of root regeneration potential are not markedly 
affected by photoperiod, but, that there is a tendency for high light 
intensity to stimulate root extension growth more than low light 
intensity. However, other factors may become limiting under high 
light intensities. Temperature and moisture, for example, may have a 
critical effect on root regeneration potential and seedling growth.
In subsequent chapters, under light conditions shown in these experi­
ments to be quite favourable for root growth, the extent to which 
temperature influences the survival and early growth of seedlings is 
examined.
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CHAPTER 7
THE EFFECTS OF VARIOUS COMBINATIONS OF AIR AND SOIL TEMPERATURE 
ON THE GROWTH OF ROOT-PRUNED SEEDLINGS
7 • 1 INTRODUCTION
The e f f e c t s  o f  both a i r  and s o i l  t e mpera t u r e  on the  r oo t  
r e g e n e r a t i o n  p o t e n t i a l  o f  s e e d l i ng s  r e p o r t e d  f o r  s pe c i e s  o t h e r  than 
P. ra d ia ta  has been reviewed in Chapt e r  2.
Previous  work wi th  P. ra d ia ta  (Shepherd,  1965; Malajczuk,  
1967; Cremer,  1968; Rook, 1969c; Wood, 1969 ; F lorence  and Malajczuk,  
1970; Macpherson,  1970; Hel lmers  and Rook, 1973) i n d i c a t e s  t h a t  optimum 
a i r  t e mpera t u r e s  f o r  growth of  t h i s  s p e c i e s  occurs  under  warm days 
(21°-24°C) and c o o l e r  n i g h t s .  Hel lmers  and Rook (1973) showed t h a t ,  
a l though s ee d l i n g s  grown under  warmer days (20°-24°C) and n i gh t s  
(17°-23°C) e x h i b i t e d  the  g r e a t e s t  h e i g h t  growth,  s e e d l i n g s  under the  
c o o l e r  day and n i g h t  t e mper a t u r e s  (below 23°C) had the  h i ghe r  r e l a t i v e  
growth r a t e s .  These a u t ho r s  found t h a t  n i g h t  a i r  t e mpera t u r e  was the  
most  impor t an t  d a i l y  t emper a t u r e  pa r amet e r  a f f e c t i n g  s e e d l i ng  growth.
A cool n i g h t  a i r  t emper a t u r e  of  5°C proved the  most  b e n e f i c i a l  f o r  
s e e d l i n g  growth.
Macpherson (1970) found t h a t  r oo t  growth o f  both i n t a c t  
and r oo t - p r un e d  P. ra d ia ta  s ee d l i ng s  was s i g n i f i c a n t l y  a f f e c t e d  by 
day and n i g h t  t e mp e r a t u r e .  S a t i s f a c t o r y  r o o t  a c t i v i t y  was observed 
in cool t emper a t u r e  regimes (18° /13°C,  24° /19°C,  27°/22°C) but  not  
a t  a hot  t e mpera t u r e  regime (33° /28°C) .
The e f f e c t s  o f  s o i l  t e mpera t u r e  on growth o f  P. ra d ia ta  
s ee d l i n g s  (Baba lo la  e t  a l . 3 1968; Bowen, 1970) and roo ted  c u t t i n g s  
(Rook and Hobbs,  1975) have a l s o  been r e p o r t e d .  One o f  t he  most o u t ­
s t a nd i ng  e f f e c t s  o f  s o i l  t e mper a t u r e  on s e e d l i n g  growth i s  the  g r e a t e r  
p roduc t i on  o f  r oo t s  a t  warm s o i l  t e mpe r a t u r e s  as compared to  the  cool 
s o i l  t e m p er a t u r e s .  Bowen (1970) noted t h a t  s o i l  t emper a t u r e s  o f  25°C 
favoured g r e a t e r  r oo t  and shoot  growth in P. ra d ia ta  s e e d l i n g s  than 
a t  s o i l  t e mpera t u r e s  of  15°C.
From t h e  l i t e r a t u r e ,  i t  i s  e v i d e n t  t h a t  most  o f  the  p r ev ious  
a i r  and s o i l  t empera t u r e  s t u d i e s  on P. ra d ia ta  have d e a l t  wi th s e e d ­
l i n g s  wi th i n t a c t  r oo t  sys t ems .  The growth o f  r oo t - p r une d  or  l i f t e d
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seedlings under various combinations of day/night a i r  and soi l  temper­
atures has not been examined in any great d e ta i l .  Even though we 
might reasonably expect temperature to exert a s im i la r  inf luence on 
the subsequent growth of  root-pruned seedlings as on the growth of 
undisturbed seedl ings, the growth responses may well d i f f e r .
The purpose of th is  study was to ascertain the root regen­
eration potential  and shoot growth of root-pruned P. rad ia ta  seedlings 
planted under various combinations of day and night a i r  and soi l  
temperatures. Thirteen experiments are described in th is  chapter.
The fol lowing aspects of  temperature were examined:
Experiment 1 - Five combinations of day/night a i r  temperature with
a constant d i f fe re n t ia l  between day and night temperature. Soil 
temperatures were not contro l led separately.
Experiment 2 - Four combinations of day/night a i r  temperature in
the lower temperature range. Soil temperatures were not contro l led 
separately.
Experiment 3 - Four combinations of day/night a i r  temperature with
an increasing d i f fe re n t ia l  between day and night temperatures.
Soil temperatures were not contro l led separately.
Experiment 4 to 13 - Four combinations of day/night a i r  temperature, 
with the soi l  temperature contro l led separately, at d i f fe re n t  
temperatures.
7.2 THE EFFECTS OF VARIOUS AMBIENT DAY AND NIGHT TEMPERATURES
7.2.1 Materials and Methods
Seedlings (seed o r ig in  : Green H i l l s ,  S.F., N.S.W.) used 
in Experiments 1 and 3 were raised in the Forestry Department glass­
house. The f a c i l i t y  and procedures used are outl ined in Chapter 3 
(Sections 3.2.1, 3.3.1, 3.3 .3) . When ready fo r  treatment, the seedlings 
were transferred to the CERES phytotron where they were fumigated with 
organo P before entry.
7.2.1.1 Experiment 1 - Constant D i f fe ren t ia l  between 
Day/Night Temperatures
Three weeks p r io r  to treatment, s ix ty  seedlings were 
placed into an open glasshouse at CERES contro l led at a day/night
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temperature of 24°/19°C, which is considered within the optimum range 
for growth of P. ra d ia ta  (e.g. Shepherd, 1965; Cremer, 1968; Malajczuk 
and Florence, 1970).
Forty seedlings were selected for treatment. The root 
systems of all seedlings were carefully removed from the pots, washed, 
pruned to 21 cm from the cotyledons and any white root tips remaining 
were pinched o f f  (details in Chapter 3, Section 3.3.4). After re­
potting eight seedlings were randomly selected and placed into each 
of the temperature treatments and allowed to grow further until the 
harvest.
The five temperature regimes chosen covered a range of day/ 
night temperatures available in the open glasshouses at CERES. The 
treatment temperatures included:
T] 15°/l0°C
T2 21°/l6°C
T3 24°/l9°C
T4 27°/22°C
T r  30°/25°Co
The d iffe ren tia l between day and night temperatures of a ll 
treatments was 5°C. Mean a ir  temperatures were control led within ±1.5°C
of the desired temperature. Day temperatures were maintained for eight 
hours and night temperatures for the remaining sixteen hours. Photo­
period was extended to sixteen hours by low intensity incandescent 
lighting. Further details of the fa c i l i t ie s  are outlined in Chapter 3 
(Section 3.2.1).
Throughout the growing period seedlings were maintained as 
described in Chapter 3 (Section 3.3.3). Four weeks after root-pruning 
and-trimming the seedlings were harvested. The root regeneration pot­
entia l, diameter and height increment, relative growth rate of diameter 
and height, final dry weight of the shoot, regenerated root and total 
root, and root:shoot ratio were determined for each seedling as 
described in Chapter 3 (Sections 3.3.5, 3.4). Root regeneration 
potential was based on the numbers of new white roots £ 1.25 cm (GT),
> 2.5 cm (LR),1.25-2.4 cm (SR), the length (TL) and average length (AL) 
of new white roots  ^ 2.5 cm.
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7.2.1.2 Experiment 2 - Decreasing Day/Night Temperatures 
in the Lower Temperature Range
Eighty seedlings (seed origin : Yarralumla, Ä.C.T.) were 
raised at the CERES phytotron in a glasshouse controlled at a day/night 
temperature of 21°/l6°C (procedures and fa c i l i t ie s  detailed in Chapter 3). 
When 127 days old thirty-two seedlings of most uniform size were 
selected. Eight seedlings were assigned to each of the following day/ 
night temperature treatments:
T1 21°/16°C
T2 15°/10°C
T3 11°/6°C
T4 8°/4°C
Temperatures 21°/16°C and 15°/10°C were obtained in open 
glasshouses and temperatures of 11°/ 6°C and 8°/4°C were provided by 
B-cabinets within the glasshouses. For details of both fa c i l i t ie s  
see Chapter 3 (Section 3.2.1). In a ll treatments the day temperature 
was held for eight hours and natural l ig h t was extended to sixteen 
hours by incandescent lamps. Seedlings were maintained throughout the 
treatment period as described in Chapter 3 (Section 3.3.3).
All seedlings were acclimatised to the treatment temperature 
for six weeks prior to being root-pruned. Seedlings in treatments 
and were gradually acclimatised to reduced temperatures by being 
held under each temperature, (increasingly cooler) for three weeks 
prior to being transferred to the appropriate treatment temperature.
The schedule used in acclimation, root-pruning and harvesting seedlings 
is included together with the age of seedlings in Table 7.1. As shown, 
seedlings in each treatment were different ages at the time of root- 
pruning.
After appropriate acclimation, the seedlings were root- 
pruned to 21 cm from the cotyledons and all remaining white root tips 
were pinched o f f  (procedure detailed in Chapter 3, Section 3.3.4).
After replanting seedlings were grown for another three weeks under 
the respective temperatures, then harvested. At the harvest, the 
RRP, diameter and height growth, dry weights of the shoot, regenerated 
root, total root, root removed and root:shoot ratio were determined 
for each seedling. Root regeneration potential was based on the
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numbers o f  new whi te roots > 0.1 cm (GT), > 1.5 cm (LR), 0 .1 -1 .4  cm 
(SR) and the length (TL) and average length (AL) o f  new roots ^ 1.5 cm.
Table 7.1 Schedule o f  the t ra n s fe r  t imes, root-pruning and harvest ing 
procedures carr ied out and the age o f  the seedl ings used 
at each treatment.
Duration o f  
Experiment
Age o f  Seedlinqs 
(days) Procedure
Day 1 127 8 seedl ings held at 21°/16°C (T-j)
24 seedl ings trans fe r red  to 15°/10°C
(T2 , t 3, t4)
Week 3 148 8 seedl ings at 21°/16°C root-pruned 
8 seedl ings held at 15°/10°C ( T2 )
16 seedl ings t rans fe r red  to 11° / 6°C
( t 3 > t4)
Week 6 169 8 seedl ings at 21°/16°C harvested 
8 seedl ings at 15°/10°C root-pruned 
8 seedl ings held at 11°/6°C (T3 )
8 seedl ings t rans fe r red  to  8°/4°C (T4)
Week 9 190 8 seedl ings at 15°/10°C harvested 
8 seedl ings at 11°/6°C root-pruned 
8 seedl ings held at 8°/4°C (T^)
Week 12 211 8 seedl ings at 11°/6°C harvested 
8 seedl ings at 8°/4°C root-pruned
Week 15 232 8 seedl ings a t  8°/4°C harvested
Diameter and height measurements were taken at three week 
in te rva ls  fo r  the durat ion o f  each treatment to determine the e f fec ts  
o f  the reduced temperatures on both i n t a c t  and root-pruned seedl ing 
growth. As determinat ions o f  root growth require  des t ruc t ive  sampling, 
root growth o f  i n t a c t  seedl ings could not be ascertained.
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7.2.1.3 Experiment__3_ - Increasing Differential between 
Day/Night Temperatures
Thirty-two seedlings (approximately three months old) were 
carefully selected for treatment, eight for each of the four temper­
ature regimes examined. The treatments included the following day/ 
night temperatures:
T1 27°/22°C
T2 27°/l9°C
T3 27°/16°C
T4 27°/10°C
N atu ra l ly - l i t  'C  cabinets, as described in Chapter 3 
(Section 3.2.1) provided the fa c i l i t ie s  for temperature control. Day 
temperatures were maintained for eight hours and night temperatures 
for the remaining sixteen hours. The natural daylight period was 
limited to eight hours by ligh t proof shutters. Photoperiod extensions 
of two hours were provided by low intensity incandescent lamps.
Seedlings were acclimatised in the ir respective day/night 
temperature treatments, two weeks prior to root-pruning and-trimming. 
All root systems were pruned to 21 cm from the cotyledons and trimmed 
as detailed in Chapter 3 (Section 3.3.4). Once repotted the seedlings 
were allowed to grow for another four weeks under the various day/night 
temperature regimes. During this time seedlings were watered and 
fe r t i l ize d  as described in Chapter 3 (Section 3.3.3).
After the four week treatment period, the root regeneration 
potential, diameter and height increment, relative growth rate of the 
diameter and height, final dry weight of the shoot, regenerated root 
and total root, and root:shoot ratio were determined for each seedling 
as described in Chapter 3 (Section 3.3.5 and 3.4). The numbers of 
new white roots > 0.5 cm (GT), > 1.5 cm (LR) and 0.5-1.4 cm (SR) were 
counted, and the lengths (TL) and average lengths (AL) of new white 
roots > 1.5 cm measured for every seedling. Because the seedlings in 
this experiment were much smaller than those in Experiment 1, the 
amount and lengths of new root produced were considerably less. As a 
result, shorter lengths were used to designate the short (SR) and long 
(LR) roots produced.
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7.2.2 S ta t is t i c a l  Analysis
In Experiment 1 and 3 the dif ferences between treatment means 
of each parameter were compared using Duncan's mult ip le  range tes t  at 
the 5% level of signif icance. Coeff ic ients o f  v a r ia b i l i t y  were 
calculated fo r  each parameter. Results of the analyses of  Experiment 
1 and 3 are presented in Tables 7.2 and 7.6 respect ive ly .
The mean and standard error  fo r  a l l  the parameters measured 
for  the root-pruned seedlings in Experiment 2 are presented in Table 
7.3. Because of the differences in the age, size and accl imation 
h is tory  of seedlings at each treatment the differences between t r e a t ­
ment means could not be compared. I t  was not possible to separate out 
the effects  of each of these factors from the responses observed.
7.2.3 Results
7.2.3.1 Experiment 1
a) Root Regeneration Potential
The results presented in Table 7.2 show that the root regen­
erat ion potential  o f  the seedlings was s ig n i f ic a n t l y  influenced by the 
day and night temperature regime in which the seedlings were grown. 
Figure 7.1 shows the numbers and lengths of  new roots produced under 
the various temperatures.
In terms of numbers (LR, GT) and lengths (TL, AL) of  new 
roots produced, seedlings under the lowest temperature regime, 15°/10°C, 
showed marked and s ig n i f ic a n t ly  poorer root growth than seedlings 
under a l l  other treatments. The highest temperature, 30°/25°C, also 
resulted in poorer root growth of seedl ings, but, di f ferences in root 
growth between temperatures 30°/25°C and 21°/16°C or 24°/19°C were not 
s ig n i f ica n t .
In general, seedlings at temperatures 27°/22°, 24°/19° and 
21° / 16°C had the best root growth. There was a tendency fo r  the 
production of larger numbers (GT, LR, SR) and greater lengths (TL) of 
new roots by seedlings under the 27°/22°C temperature regime, but, the 
differences in these parameters between treatments 27°/22°, 24°/19° 
and 21°/16°C were not always s ig n i f ica n t .
The greatest average length (AL) of long roots was found 
under the 24°/19°C temperature regime, but the AL at th is  temperature
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G T - N um ber of N ew  Roots ^  1-5 cm 
L R -N u m b e r o f N ew  Roots> 2-5 cm 
SR- N um ber of N ew  Roots 1.5 -  2.4cm 
TL“ Total Length of LR
£  1000'
21/16 24/19 27/22 30/25
D a y /N ig h t  A ir  Temperature°C
Figure 7.1. Effect of temperature on the root regeneration 
potential of P. vadiata  seedlings.
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was not s ta t is t ic a l l y  d i f fe re n t  from that at 27°/22°C. The longest 
of roots were produced at these temperatures, with s ig n i f ic a n t ly  
shorter roots produced under the cooler temperatures.
The numbers o f short roots (SR) produced by seedlings in 
treatments 27°/22°C and 21°/16°C were almost twice those produced by 
seedlings at the other temperatures. In te re s t in g ly ,  the numbers of 
SR at 15°/10°C was almost equal to the numbers of LR, in contrast 
to the much greater numbers o f LR than SR at the other temperatures.
The morphology of the new roots produced also d if fe red  with 
day/night temperature. New roots produced at the lower temperatures 
(24°/19°C, 21°/16°C, 15°/10°C) were much th icke r and whiter in colour 
than those produced at the higher temperatures. Suberization of the 
new roots occurred at a fas te r rate at the higher temperatures of 
27°/22°C and 30°/25°C than at the lower temperatures. Seedlings at 
15°/10°C produced the th icke s t,  whitest and most succulent roots, 
together with many in i t ia t in g  root "buds" (roo t prim ordia), too minute 
to be included in the root counts. Fewer in i t i a t in g  buds were found 
on seedlings at 21°/16°C.
b) Diameter and Height
Temperature had no s ig n if ic a n t  e f fe c t  on diameter increment 
or re la t iv e  rate o f diameter growth (Table 7 .2 ). Seedlings at the 
lowest temperature, however, grew the most in diameter and at a fas te r 
rate than seedlings at the other temperatures.
Height growth o f seedlings was favoured under the highest 
temperature regimes, 30°/25°C and 27°/22°C, however, the differences 
between these temperatures and temperatures 24°/19°C and 21° / 16°C 
were not s ig n if ic a n t .  The highest re la t iv e  rate o f height growth 
was recorded fo r  seedlings under treatment 24°/19°C and th is  was 
s ig n i f ic a n t ly  d i f fe re n t  from tha t o f seedlings under treatment 15°/10°C. 
No active la te ra l or terminal shoot elongation (new green growth) was 
observed on seedlings at 15°/10°C.
Seedlings showed varying degrees o f needle desiccation in 
a l l  temperature treatments. This response to root-pruning was more 
pronounced at the higher temperatures, especia lly  30°/25°C, than at 
21°/l6°C or 15°/ l0 °C .
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c) Final Dry Weight
No s ig n if ic a n t differences were found in shoot dry weight 
between treatments 24°/19°C and 27°/22°C, and treatments 15°/10°C 
and 30°/25°C. The large diameter and height increment of seedlings 
under treatment 27°/22°C could account fo r  the greatest shoot dry 
weight at th is  temperature. The lower shoot dry weights o f seedlings 
under 15°/10°C could be the re su lt  o f the s l ig h t ly  smaller i n i t i a l  
size o f the seedlings, as well as the poor height growth at th is  
temperature.
The greatest dry weight o f regenerated root was shown by 
seedlings at temperatures 21°/16°C, 27°/22°C and 24°/19°C, in general 
agreement with the larger numbers and lengths o f new roots produced. 
Seedlings at 15°/10°C and 30°/25°C which showed the poorest root 
growth, had considerably less regenerated root dry weight than other 
seedlings.
The greatest to ta l root dry weight, i . e . ,  regenerated root 
weight plus residual root weight, o f seedlings was found in temper­
atures 24°/19°C and 21°/16°C. Although in general agreement with the 
dry weight o f regenerated roots, differences in to ta l root weight 
between treatments suggests varia tions in residual root a f te r  root- 
pruning.
Root:shoot ra tios  o f seedlings in treatments 30°/25°C, 
24°/19°C and 21°/16°C were s im ila r  at the end of the four week t re a t ­
ment period. Seedlings in treatments 27°/22°C and 15°/10°C had 
s ig n i f ic a n t ly  smaller root:shoot ra t io s .
7.2.3.2 Experiment 2
a) Root Regeneration Potential
Results in Table 7.3 and Figure 7.2 show tha t seedlings at 
temperatures as low as 8°/4°C s t i l l  regenerated roots. However, root 
regeneration potentia l on the basis o f length o f new roots produced 
(Figure 7.3) was much lower at th is  temperature than any other.
The best root regeneration in terms o f numbers (GT, LR, SR) 
and lengths (TL) o f new roots was shown by seedlings under the 15°/10°C 
temperature regime. The reason fo r  the poor response by seedlings 
under the 21°/16°C regime is  most probably the e f fe c t  of seedling age 
and size. Seedlings under the 15°/10°C temperature regime were much
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Figure 7.3. Effect of low temperature on the length of new
roots produced by seedlings three weeks after root- 
pruning.
no
larger than those under the 21°/16°C temperature at the time of root- 
pruning (Table 7.3). A greater residual root after root-pruning with 
more growing points available for subsequent root growth would have 
resulted in such a response at 15°/10°C, a temperature which although 
much lower than optimum s t i l l  stimulates active root growth (see 
Experiment 1, Section 7.2.3.1). A preliminary experiment carried out 
at a temperature above 15°/10°C had shown that root regeneration 
potential increases with increasing age and size of seedlings. It 
would, therefore, be safe to assume that the age and size of seedlings 
in this experiment would have had some, i f  not an exactly similar 
influence, at the lower temperatures examined here.
Temperatures of 11°/6°C and 8°/4°C resulted in a much lower 
number of roots (GT, LR, SR) produced. Again, the greater production 
of roots at 8°/4°C than 110/6°C could be due to the larger seedlings 
under the 8°/4°C than 11°/6°C temperature regime.
Temperature had a marked affect on the production of long 
roots (LR, TL, AL). Seedlings in all treatments produced a greater 
proportion of short (SR) than long (LR) roots (Figure 7.2 and 7.3).
The proportion of SR to LR, however, increased with decreasing 
temperature. The number of LR produced by seedlings under the 11°/6°C 
and 8°/4°C temperatures was much lower than under the 15°/10°C 
temperature. The total length (TL) and average length (AL) of new 
long roots (LR) was also lowest at the lower temperatures (Figure 7.3), 
indicating that these temperatures were not at all favourable for 
extension of roots. The AL of LR produced under the 15°/10°C and 
21°/16°C temperature regime were not markedly different, but, the 
greater proportion of SR to LR produced under the 15°/10°C temperature 
(approximately 81%) than under the 21°/16°C temperature (approximately 
62%) suggests that the subsequent extension of new roots may be inhib­
ited by the cooler 15°/10°C temperature.
All the new roots produced by seedlings under the 15°/10°C,
11 °/6°C and 8°/4°C temperature regimes were thick, succulent and white 
in colour. Under the 21°/16°C temperature regime the roots were 
relatively thinner, some were light brown in colour.
b) Height and Diameter
The diameter and height measurements of intact seedlings at 
each preconditioning temperature prior to root-pruning are presented
I l l
in Table 7.4. The corresponding diameter and height increments and 
re la t ive  growth rates of these seedlings in response to the changes 
in temperature are presented in Table 7.5. The diameter and height 
increment o f seedlings in each treatment p r io r  to and fo llow ing root- 
pruning are i l lu s t ra te d  in Figures 7.4 and 7.5 respective ly.
Shoot growth o f both in ta c t  and root-pruned seedlings was 
reduced, but not completely inh ib ited  by low temperatures. In a l l  
cases, trans fe rr ing  in ta c t  seedlings to lower temperatures reduced 
growth subs tan tia l ly . Height was affected more by a drop in temper­
ature than diameter growth. Both diameter and height growth were 
reduced markedly when in ta c t  seedlings were transferred from 15°/10°C 
to 11°/6°C, with the poorest growth recorded fo r  seedlings under the 
8°/4°C temperature.
Root-pruning markedly reduced the diameter and height growth 
of seedlings under the 21° / l6 °C , 15°/10°C and 11°/6°C temperature 
regimes (Table 7.3, Figure 7.4 and 7 .5). The greatest reduction in 
diameter and height growth due to root-pruning occurred at the 
highest temperatures. Under the 8°/4°C temperature, height growth was 
reduced, but, diameter growth increased s l ig h t ly  with root-pruning. 
Diameter growth fo r  root-pruned seedlings was lowest under the 21°/16°C 
temperature, but, th is  response may have been due to these being the 
youngest and smallest seedlings. Height growth, on the other hand, 
was higher fo r  these seedlings than fo r  those under the 11°/6°C or 
8°/4°C temperature. Seedlings at 11°/6°C and 8°/4°C showed poorer 
shoot growth than seedlings at 15°/10°C, which grew the most in diameter 
and height. The rates of diameter and height growth of seedlings at 
the two lower temperatures were v i r t u a l ly  the same.
The health of the seedlings appeared to be affected by the 
lower temperatures. A ll seedlings under the 8°/4°C temperature looked 
unhealthy; th e ir  needles were du ll and yellow-green in colour. With 
increases in temperature the needles o f seedlings were dark glossy 
green. Seedlings in a l l  treatments had desiccated needles.
c) Final Dry Weight
I t  was not surpris ing to f ind  tha t the f in a l dry weights of 
the shoot and to ta l root of seedlings d if fe re d  between treatments 
because of differences in the ages and sizes o f seedlings used fo r  RRP 
determination (Table 7.3). At harvest seedlings in treatment T^ had
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Figure 7.4. Diameter increment of in tact seedlings gradually subjected 
to low a ir temperatures and of root-pruned seedlings at 
temperatures 21°/16°C, 15°/10°C, 11°/6°C and 8°/4°C, 
represented by T], T2, T3 and T4 respectively.
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Figure 7.5. Height increment of in tact seedlings gradually subjected 
to low a ir temperatures and of root-pruned seedlings at 
temperatures 21°/16°C, 15°/10°C, 11°/6°C and 8°/4°C 
represented by T-j, T^, and respectively.
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over twice the amount of shoot and almost three times the amount of 
to ta l root (by weight) than seedlings in Treatment T l.  The regener­
ated root dry weights are closely re lated to the numbers and lengths of 
new root produced.
The root:shoot ra tios  o f the root-pruned seedlings d if fe red  
between treatments, the differences due to acclimation and age rather 
than three weeks growth a f te r  root-p run ing. Seedlings under the 
11°/6°C and 8°/4°C temperature regimes had s l ig h t ly  higher root:shoot 
ra tios than seedlings under the 21°/16°C and 15°/10°C temperatures.
7.2.3.3 Experiment 3
a) Root Regeneration Potential
The resu lts  presented in Table 7.6 and Figure 7.6 show that 
decreasing night temperature had no s ig n if ic a n t  e f fe c t  on the number 
of new long roots (LR) or the to ta l number o f new roots (GT) produced 
by seedlings. However, the lowest n ight temperature (10°C) stimulated 
the production o f greater numbers o f short roots (SR) than the night 
temperatures of 19°C or 22°C. Differences in SR between the 10°C 
and 16°C night temperatures were not s ig n i f ic a n t .  This greater p r o l i f ­
eration of SR under the cool nights accounts fo r  the la rger though 
not s ig n i f ic a n t ly  d i f fe re n t ,  to ta l number o f roots (GT) found at these 
temperatures. The major proportion o f a l l  roots formed under the 10°C 
night temperature were SR rather than LR. A ll other temperatures 
scored had more LR than SR.
There was a tendency fo r  greater numbers of long roots (LR) 
to be produced under the warmer n ight temperatures of the 27°/16°C 
and 27°/22°C temperature regimes. The greatest length o f LR (TL) was 
produced by seedlings under the warmest n ight temperature of 22°C,
while seedlings under the coolest n ight produced the shorter LR.
Differences in TL between treatments 27°/19°C and 27°/22°C, and 
treatments 27°/10°C and both 27°/16°C and 27°/22°C were s ig n if ic a n t .
The greater number o f LR produced by seedlings in 27°/16°C accounts fo r
the greater length o f LR measured in 21°/16°C as compared to 27°/19°C.
The average length of LR (AL) tended to decrease with 
decreasing night temperature, with the greatest AL at the 22°C night 
more than twice the AL o f roots at 10°C. Differences in AL between 
the 16°C and 19°C n ight were not s ig n i f ic a n t ,  but s ig n i f ic a n t ly  greater 
than under the 10°C n ight.
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Table 7.6 Effects of  decreasing n igh t  temperature on the root  regen­
erat ion potent ia l  and shoot growth of  P. radiata seedl ings.
T i , T£, T3, T4 represent dav and n ight temperature 
regimes, 27/22, 27/19, 27/ ]6 and 27/ ] q ° c respec t i ve ly .
Parameter Treatment Mean^ (C.V. ) 2
Root
Regeneration
Number of  new 
roots ^0.5 cm 
(GT)
Number of  new 
roots >1.5cm
(LR)
Number o f  new 
roots 0.5-1.4 
cm (SR)
Length o f  new 
roots >1.5 cm 
(TL) in cm
Average length 
o f  new roots 
£l.5cm (AL) in 
cm
124(26.7)
T1
127(31.7)
T2
152(42.6)
T3
161(24.8)
T4
66(40.0)
T2
67(38.8)
T4
80(27.0)
T1
86(40.3)
T3
44(38.2)
T1
61(35.6)
T2
66(53.1.)
T3
94(33.5)
T4
170.0(51.2) 
T4
274.9(41.0) 
T2
388.2(43.8)
T3
415.1(324)
T1
2.43(12.9)
T4
4.16(11.7)
T2
4.49(14.5)
T3
5.12(8.3)
T1
Diameter and 
Height
I n i t i a l  
diameter (mm)
2.25(6.3)
T2
2.30(2.3)
T4
2.35(6.8)
T3
2.41(5.6)
T1
Diameter 
increment (mm)
0.60(30.0)
T4
0.62(49.7)
T2
0.62(39.0)
T3
0.62(30.5)
T1
Relat ive growth 
ra te  diameter 
(mm. mm“ 1. d a y  1)
I n i t i a l  height 
(cm)
0.0082(25.6)
T4
0.0083(31.3)
T1
0.0084(38.1)
T3
0.0086(47.7)
T2
12.98(7.0)
T2
13.42(10.1)
T4
13.69(7.6)
T3
13.96(13.6)
T1
Height
increment (cm)
2.65(33.8)
T3
3.36(19.0)
T2
3.61(22.8)
T1
4.99(43.7)
T4
Relat ive growth 
ra te  height 
(cm.cm~l.day- !-)
0.0063(31.7)
T3
0.0082(14.6)
T2
0.0083(21.7) 
T1
0.0113(44.2)
T4
Final Dry 
Weight
Shoot (g) 0.960(18.6)
T4
0.970(13.9)
T2
1.128(18.0) 
T1
1.169(13.9)
T3
Regenerated 
Toot (g)
0.065(46.2)
T4
0.070(34.8)
T2
0.089(33.4)
T3
0.128(25.0)
T1
(Cont 'd next page)
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Table 7.6 (Cont 'd)
Parameter Treatment Mean^ (C.V .)1 2
Total root 0.261(21.8) 0.270(22.1) 0.283(16.0) 0.392(15.9)
( g ) T4 T2 T3 Ti
Rootrshoot 0.24(9.4) 0.27(7.9) 0.28(8.6) 0.36(12.3)
r a t i o T3 T4 T2 Ti
1 Mean o f  8 r e p l i c a t e s .
2 C.V. = C oe f f i c ien t  o f  V a r i a b i l i t y  in per cent.
Note: Hor izontal  l ines  j o i n  t reatment means tha t  are not s i g n i f i c a n t l y
d i f f e r e n t  at  Pq q^.
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GT - N um be r  of  N e w  Roots ^  0-5 cm
L R -  N u m b e r  o f  New  Roots ^  0-5 cm
S R - N u m b e r  o f  N e w  Roots 0 -5 - 1-4 cm
Figure 7.6. Effect of decreasing night temperature on the root 
regeneration potential of P. vadiata seedlings.
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The morphology of the newly regenerated roots was influenced 
by the d iffe ren t temperatures. Roots produced under the coolest (10°C) 
night temperature were th ick, succulent and white in colour. An 
increase in night temperature from 16°C-22°C resulted in the production 
of thinner, brown (suberized) roots. Roots at 16°C were s lig h tly  
whiter and thicker than roots at either the 19°C or 22°C night 
temperatures.
b) Diameter and Height
The diameter increments and re lative rates of diameter growth 
of seedlings four weeks a fte r pruning were s im ilar, regardless of 
the temperature regime in which they were grown (Table 7.6).
The greatest height increment of seedlings occurred at the 
coolest night temperature of 10°C, however, the re lative rate of height 
growth of these seedlings was only s ign ifican tly  greater than for seed­
lings under a 16°C night. Increases in seedling height at temperatures 
27°/22°C, 27°/19°C and 27°/16°C were not s ign ifican tly  d iffe ren t. 
Seedlings in a ll treatments had desiccated needles. The only observed 
difference between treatments was in the more pronounced desiccation 
at 27°/10°C than at 27°/22°C.
c) Final Dry Weight
The shoots of seedlings grown under a 16°C night were sig­
n ifica n tly  heavier than seedlings under the 10°C or 19°C night (Table 
7.6). Despite the greatest height increment of seedlings in treatment 
27°/10°C shoot weights were the lowest.
Seedlings under the warmest night had s ign ifican tly  
greater dry weights of regenerated root and to ta l root, which agree 
with the greater production of roots (TL) by these seedlings. 
Differences in tota l root and regenerated root dry weights between 
treatments 27°/10°C, 27°/16°C and 27°/19°C were not s ign ifican t.
Root:shoot ratios were greater for seedlings at 27°/22°C. 
Differences in rootishoot ratios of seedlings at 27°/19°C, 27°/16°C 
and 27°/10°C were not s ign ifican t.
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7•3 THE EFFECTS OF VARIOUS CONSTANT AND AMBIENT SOIL TEMPERATURES
7.3.1 Materials and Methods
Seedlings used in Experiments 4 to 12 of th is  chapter were 
raised at the CERES phytotron. Lots of seed were sown at approximately 
l%-2 month in te rvals  to ensure a ready supply of seedlings. The 
seeds (o r ig in :  Yarralumla, A.C.T.) were germinated in an open glass­
house maintained at a day/night temperature of 27°/22°C (see Chapter 3, 
Sections 3.2.1 and 3.3.1 fo r  de ta i ls  of  the f a c i l i t y  and procedures).
Af ter  transplant ing, three to four weeks from sowing, the seedlings 
were placed in a glasshouse at a day/night temperature of 21°/ l6°C 
un t i l  required for  the experiment. Throughout th is  period seedlings 
were maintained as described in Chapter 3 (Section 3.3..3).
Al l  lots of seedlings were raised under v i r t u a l l y  the same 
day/night temperature, nu t r ien t  and moisture conditions. However, 
seedlings were subjected to seasonal var ia t ions in both photoperiod 
and rad ia t ion.  To what extent these seasonal dif ferences af fec t  the 
subsequent root and shoot growth of root-pruned P. vadiata  is not 
known. In an attempt to ensure that a l l  seedlings at the time of t re a t ­
ment were conditioned to s im i la r  l i g h t  condit ions, the seedlings were 
accl imatised fo r  three to f ive  weeks in an a r t i f i c i a l l y - l i t  LBH
cabinet ( f a c i l i t y  detai led in Chapter 3, Section 3.2.1) set at a
-2 -1sixteen hour photoperiod and a l i g h t  in tens i ty  of 630-730 pEm sec 
(3000-3500 f . c . ) .
Of the seedlings sown in each lo t  between s ix ty  and eighty 
were selected and transferred to the cabinet fo r  accl imation. The day 
and night a i r  temperature of the cabinet was set to match the a i r  
temperature regime at which the seedlings would be grown subsequent 
to being root-pruned and/or replanted.
The cabinets and apparatus used in con tro l l ing  constant so i l  
temperatures are detai led in Chapter 3 (Section 3.2.2). In a l l  experi­
ments fo r  both the accl imation and treatment period, the day time a i r  
temperatures were maintained fo r  sixteen hours and were synchronized 
with the sixteen hour l i g h t  period. The night time a i r  temperatures
were held fo r  the remaining eight  hours. Light in tens i t ies  were
-2 -1checked weekly and maintained at 630-730 yEm sec
Eight seedlings were ca re fu l ly  selected fo r  root regeneration 
potential  (RRP) determination fo r  each of  the so i l  temperature treatments.
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Another two seedlings per treatment were then selected from the 
remaining stock. These seedlings were not root-pruned, but planted 
in tac t  in to  the various so i l  temperatures. Because the in ta c t  seed­
l ings were chosen from residual stock, they often d i f fe red in size 
from those root-pruned. Root systems of seedlings selected for  RRP 
determination were pruned to 21 cm from the cotyledons and a l l  
remaining white root t ips were pinched o f f  (detai led in Chapter 3,
Section 3.3.4) .
Both root-pruned and in tac t  seedlings were replanted in to  
perforated polyethylene bags. The bags allowed fo r  easy placement 
and removal of the seedl ings, in to  the copper pots secured in the water 
baths. Special care was taken not to dis turb the soi l  around the roots 
of in tac t  seedlings when transfe rr ing them to the p las t ic  bags.
As the space avai lable at each soi l  temperature was res t r ic ted  
to only eight pots per water bath, four of the root-pruned seedlings 
were placed, two per pot. These seedlings were planted in to  smaller 
separate p las t ic  bags. Although the soi l  volume was one ha l f  that 
avai lable to the other seedl ings, at no time was there evidence that 
the soi l  volume res t r ic ted  root p ro l i fe ra t io n .  At no time were the 
soi l  volumes, even in the smaller bags f u l l y  explored by new roots at 
the end of the three week treatment period. The.void spaces between 
the two bags when placed in to  the pot of the water bath were packed 
with moist paper towels. This maintained a constant contact between 
the soi l  and pot wall and also prevented a i r  from the cabinet chamber 
reaching root level and so causing minor temperature var iat ions in 
the root bags. A l l  seedlings were positioned in the pot so that the 
shoots did not shade each other.
In some experiments seedlings were kept so that soi l  
temperatures were the same as the ambient day/night a i r  temperature.
Al l  of these seedlings were planted in to 18 cm pots (o f  approximate 
volume as the larger p las t ic  bags). The pots were kept alongside the 
water baths at the same height as those in the other treatments.
Al l  seedlings were watered with tap water and Hoagland's 
nu tr ien t  solut ion (Appendix I)  that had been adjusted to the soi l  
temperature in which the seedlings were growing. The watering and 
nu tr ien t  schedules varied with the a i r  and soi l  regimes examined.
At the lower a i r  and soi l  temperatures seedlings were watered every
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second day, a l te rna te ly  with water and nutr ien ts .  At the higher a i r  
temperatures seedlings were watered twice da i ly ,  a l te rna te ly  with 
water and nu tr ien ts .  Constant checks were made to ensure that the 
seedlings always had s u f f i c ie n t  moisture.
Both root-pruned and in tac t  seedlings were allowed to grow 
fo r  three weeks under the various soi l  temperature treatments, then 
they were harvested. The diameter and height increment, re la t ive  
growth rate of diameter ( RGRp) and height (RGR^), f ina l  dry weight of 
the shoot, new root and to ta l  root,  and root:shoot ra t io  were determined 
fo r  each pruned and in tac t  seedl ing. The RRP of  root-pruned seedlings 
was determined, based on the numbers o f  new white roots  ^ 0.1 cm (GT),
£ 1.5 cm (LR), 0.1-1.4 cm (SR) and the to ta l  length (TL) and average 
length (AL) of a l l  new roots produced (GT).
Table 7.7 Various combinations of a i r  and soi l  temperatures used in 
Experiments 4 to 13.
Day/
Night A i r  
Temperature
t o
Expt. 
No.
Constant Soil Temperature (°C) Soi1=Ambient 
Temperature5 10 15 20 25 30 35 40
15/5 4
* * *
5 ★ *
20/ l 0 6 * ★ *
7 * *
8 ★ *
25/15 9 * * * ★ ★
10 * * ★ *
11 * * ★
30/ 20 12 * * * * *
13 * * * *
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The numbers of active white root tips were counted on each 
in tact seedling and pinched o ff fo r subsequent dry weight determination. 
The diameters of the three thickest roots per seedling were measured 
with calipers, two readings per root, and the mean diameter of the 
three roots recorded as the diameter of active root tips at that soil 
temperature.
The range of a ir and soil temperatures selected for the 
study included temperatures that might be encountered in the nursery 
or f ie ld  at d iffe ren t times throughout the year. In some cases the 
soil temperatures tested were lim ited by either the a va ila b ility  of 
the temperature control apparatus or by the capabilities of the 
apparatus its e lf .  Some soil temperature treatments were replicated 
two or three times in separate experiments.
The day and night a ir temperature regimes and the soil temper­
atures examined at each experiment are outlined in Table 7.7.
The ages of the seedlings, length of acclimation period to 
which the seedlings were subjected prior to treatment, and the date 
of treatment are presented in Table 7.8.
Table 7.8 The past history of P. ra d ia ta  seedlings at each experiment.
Experiment Number Age of Seedlings (days)
Acclimation Period 
(weeks)
Treatment Date 
(day/month)
4 122 4 5/5
5 111 4 14/11
6 118 4 12/7
7 130 4 20/10
8 125 4 11/6
9 141 4 27/10
10 108 5 14/12
11 142 4 19/3
12 119 3 12/1
13 155 4 17/2
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7.3.2 Statistical Analysis
The data from each experiment were analyzed separately.
Because of the variation in the past history of the seedlings and in 
the times of treatment, i t  was not possible to analyze all experiments 
together. Differences between the root-pruned and intact seedlings 
were not compared.
In experiments with three or more treatments (Experiment 4,
6, 9, 10, 12, 13) the differences between treatment means of each 
parameter were compared using Duncan's multiple range test  at the 5% 
level. Where only two treatments were examined, comparisons of t rea t­
ment means were made by t - te s t .  Coefficients of variability were 
calculated for each parameter measured.
Results of the analyses for both root-pruned and intact 
seedlings at soil temperatures under the 15°/5°C, 20°/10°C, 25°/15°C 
and 30°/20°C day/night air temperature regimes are presented in 
Appendix IV, Parts A, B, C and D respectively.
7.3.3 Results
The growth responses of both root-pruned and intact seedlings 
are discussed separately in this section. The mean value of each 
root parameter measured for root-pruned seedlings from all the separate 
experiments are presented together in Tables 7.9 to 7.13 and Figures 
7.7 to 7.11. Shoot growth is presented in Tables 7.14 and 7.15. For 
intact seedlings, root and shoot growth are shown in Tables 7.18 
to 7.21. The growth response in each treatment is given in relation 
to the soil temperature and to the daily heat sum of the soil in degree- 
hours, calculated as day soil temperature (above °C) times hours of 
day soil temperature plus night soil temperature times hours of night 
soil temperature. As the response of seedlings was closely related 
to the progressively increasing numbers of soil degree-hours the seed­
lings received, i t  was then possible to make growth comparisons 
between the ambient and constant soil temperatures.
Because the experiments were conducted separately, direct 
comparisons between some treatments could not be made. Nevertheless, 
certain inferences can be drawn from the trends of the seedling 
responses. The erratic results in some treatments, including replicated 
treatments was most probably due to the previous history of the 
seedlings examined including preconditioning period, age, init ial  
size or to the environmental factors involved. Even though light
126
in te n s i ty ,  photoperiod and temperature were contro lled other environ­
mental factors such as re la t ive  humidity and C09 concentration were not. 
Indeed these factors cannot be rep licated exactly in repeated exper­
iments. The differences in root response found suggest the results 
of any one experiment should not be extrapolated too fa r .
7.3.3.1 Root-Pruned Seedlings
7.3.3.1.1 Root Regeneration Potential
In the previous series of experiments ambient temperature 
regimes had a pronounced influence on root regeneration. In th is  series 
of experiments where a ir  temperature and so il temperature were separ­
ate ly con tro lled each was found to exert a separate and s ig n if ic a n t  
influence on the root regeneration potentia l of root-pruned seedlings.
The d is t r ib u t io n  of root growth under the various temperature regimes 
is  presented in the following sections.
a) Total Number o f New Roots £ 0.1 cm (GT)
Under a l l  a i r  temperatures, there was a tendency fo r  increased 
root production at the highest so il temperatures (Figure 7.7, Table 7.9). 
There was a general trend fo r  more roots to be produced at the middle 
so il temperatures of 15°C to 25°C, but, in te re s t in g ly  the greatest 
number o f new roots (GT) was produced under the coolest a i r  temperature 
regime o f 15°/5°C with a constant 15°C and a f luc tu a t in g  15°/5°C so il 
temperature. S ig n i f ic a n t ly  more roots were produced at the ambient 
so il temperature than the 10°C so il temperature, but a fu r the r r ise  
in so il temperature to 15°C resulted in a small but in s ig n i f ic a n t  
increase. The numbers of roots produced at the 20°C so il temperature 
was considerably lower than at 10°C or 15°C but th is  could have been 
the re su lt  of differences between seedlings in the experiments (see 
Appendix IV .A.1).
The to ta l numbers o f new roots produced under the 20°/10°C 
a i r  temperature regime were much lower than under any of the other 
temperature regimes tested, fo r  the same so il temperatures. However, 
the same trends were apparent, the numbers o f roots produced s tead ily  
increased with increases in so il temperature.
Under the 25°/15°C a i r  temperature high numbers of roots 
were produced and once again the numbers of new roots produced
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Table 7.9 E f fec t  of so i l  temperature a t  d i f f e r e n t  day/n ight a i r  
temperatures on the to ta l  number o f  new roots £0.1 cm 
(GT) produced by root-pruned seedl ings in 3 weeks. 
Values are the means o f  8 rep l ica tes .
Soi 1
Temperature
(°C)
Daily Heat Sum 
o f  the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15/5 2 ° / l0 25/15 30/20
5 120 55
10 240 80 4 36
15/5 280 238
15 360 261 47 n o 159
20/10 400 68
20 480 149 123,6 208,205,
44
234
25/15 520 211,136
25 600 172,53 206,155,
87
171,130
30/20 640 197
30 720 161 217,169
35 840 11 29
40 960 0
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15/5 C #.------- •
20/l0°C ■......... ■
25 /l5 °Co------O
30/20 C i --------▲
D a y / N ig h t  A i r  Tem perature
/ / \  \
/ / \  '
C ons tan t Soil Temperature°C
Figure 7.7. The to ta l number of new white roots >0.1 cm (GT) 
produced by seedlings at various a ir and soil 
temperatures three weeks a fte r root-pruning.
Lines jo in  constant soil temperature treatments 
of the same experiment. 'A' indicates soil 
temperature the same as a ir temperature.
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increased with increasing so il temperature. The highest numbers were 
attained at so il temperatures from 20°C to 30°C. Although the root 
numbers in the replicated treatments at 20°C, 25°C and at the ambient 
25°/15°C varied, the general response to temperature was s im ila r .  
Increases in so il beyond 25°C reduced the numbers o f root produced, 
only s l ig h t ly  at 30°C but most s ig n i f ic a n t ly  at 35°C.
Under the 30°/20°C a i r  temperature increases in so il temper­
ature from 15°C to 30°C had no marked e f fe c t  on the numbers of new 
roots produced, root production was s im ila r  at a l l  so il temperatures 
tested w ith in  th is  range. Soil temperatures beyond 30°C, however, 
d ra s t ic a l ly  reduced the numbers of root produced. At a so il temperature 
of 40°C no root growth was observed and by the end o f the experiment 
two of the e ight seedlings were dead. With minor exceptions, the 
numbers o f roots produced under the 30°/20°C and 25°/15°C a i r  temper­
ature regimes were quite comparable at the respective so il temperatures.
Soil temperature had a marked e f fe c t  on the morphology of 
the new roots produced under a l l  the a i r  temperature regimes. The 
most s t r ik in g  differences were observed between new roots at the 
lowest a i r  and so il temperatures and those under the higher a ir  and 
so il temperatures.
Low temperatures stimulated the production of th ic k ,  white, 
succulent roots. The roots were also very b r i t t l e  as they could 
eas ily  be snapped in h a lf  and no la te ra l root in i t ia t io n  was observed 
along the new roots. At the higher temperatures the new roots were 
th inner, tan to brown in colour and more f le x ib le .  I n i t ia t io n  of 
la te ra l roots along the new roots was greatest at these temperatures 
and as indicated by the la rger proportion o f brown to white new root, 
the rate o f suberization was fas te r .
b) Number of New Roots 0.1-1.4 cm (SR)
As shown in Tables 7.9 and 7.10, short roots (SR) made up 
a considerable proportion o f the to ta l new roots produced. The s ig ­
n i f ic a n t  increase in the number of SR at the highest so il temperatures 
under the 15°/5°C regime alone accounts fo r  the large to ta l number o f 
root (GT) scored under th is  cool a i r  temperature. At so il temperatures 
o f 10°C to 15°C more SR were produced under the 15°/5°C regime than 
at any other temperature (Figure 7.8).
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Table 7.10 E f fec t  o f so i l  temperature at d i f f e r e n t  day/n ight a i r  
temperatures on the number of new roots 0 .1 -1 .4  cm (SR) 
produced by root-pruned seedl ings in 3 weeks.
Values are the means o f  8 rep l ica tes .
Soi l
Temperature
(°C)
Dai ly  Heat Sum 
o f  the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15, 20/ 25/ 30/
'5  MO '15 7 20
5 120 51
10 240 75 4 35
15/5 280 180
15 360 184 32 105 121
20/10 400 44
20 480 70 41,6 142,178,38 124
25/15 520 124,108
25 600 64,48 122,91,56 77,94
30/20 640 93
30 720 135 103,132
35 840 11 26
40 960 0
250 -
200-
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Figure 7.8. The number of new white roots 0.1-1.4 cm (SR) 
produced by seedlings at various air and soil 
temperatures three weeks after root-pruning. 
Lines join constant soil temperature treatments 
of the same experiment. 'A' indicates soil 
temperature the same as air temperature.
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Under the 25°/15°C a i r  temperature, the s ig n if ic a n t  p r o l i f e r ­
ation of SR occurred at so i l  temperatures o f 15°C to 30°C, with the 
highest numbers o f  SR at the 20°C so il temperature. Experiment 10 was 
the exception, with the greatest numbers o f SR at the ambient 25°/15°C 
so il temperature. At a so il temperature o f 30°C approximately 83 
per centof the new roots produced (GT) were short roots and at 35°C 
root growth was s tr ic te d  to a few short roots only.
Increases in so il temperature from 15°C to 30°C under the 
30°/20°C a i r  temperature also had l i t t l e  e f fe c t  on the numbers of 
SR produced. Increases in so il temperature above 30°C d ra s t ic a l ly  
reduced the numbers of SR. Short root numbers under the 25°/15°C 
and 30°/20°C a i r  temperatures were comparable.
Some mychorrizal a c t iv i t y  was evident under a l l  a i r  temper­
ature regimes. Generally, the so il temperatures which favoured root 
growth favoured growth o f mychorrizal roots. Most of the mychorrizal 
roots observed were ty p ic a l ly  dichotomously branched (Cromer, 1935), 
few formed corra lo id  c lus te rs . A number o f mychorrizal roots were 
scored as short roots (SR) at so i l  temperatures above 10°C under the 
25°/15°C and 30°/20°C a i r  temperature regimes, however, the greatest 
portion o f SR was made up of short la te ra l roots in i t ia te d  along the 
long new roots a t these temperatures.
c) Number of New Roots £ 1.5 cm (LR)
The numbers o f long roots (LR) produced by seedlings was 
markedly influenced by a i r  and so il temperature (Table 7.11, Figure 
7.9). In most treatments, the number of SR exceeded the number o f LR 
produced. Under the 15°/5°C a i r  temperature, th is  proportion of LR 
to SR increased with increasing so il temperature. At a so il temperature 
o f 20°C over h a lf  the roots were LR ind ica ting  that warm so il temper­
atures under the cool a i r  temperatures favour more rapid growth o f new 
roots formed and hence resulted in a higher score fo r  LR.
Increasing the a i r  temperature to 20°/10°C had l i t t l e  e f fe c t  
on LR produced. The numbers o f LR increased with increasing so il 
temperature but the increases were not s ig n i f ic a n t .  The greater 
numbers of LR than SR at so il temperatures of 20°C and 25°C 
(Experiment 6) agree with the greater numbers of LR than SR at a 20°C 
so il temperature under the 15°/5°C a i r  temperature and at so il temper­
atures o f 30°/20°C and 30°C under the 30°/20°C a i r  temperature. A ll
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Table 7.11 E f fec t  o f  so i l  temperature at d i f f e r e n t  day/n ight a i r  
temperatures on the number of new roots n . 5  cm (LR) 
produced by root-pruned seedl ings in 3 weeks.
Values are the means o f  8 re p l i ca te s .
Soil
Temperature
(°C)
Dai ly Heat Sum 
of the Soil 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15
'5
20
'10
25
' 15
30,
7 20
5 120 4
10 240 5 1 1
15/5 280 58
15 360 77 15 5 38
20/10 400 24
20 480 79 82,2 66,27,6 110
25/15 520 87,35
25 600 108,5 84,64,31 94,36
30/20 640 104
30 720 26 114,37
35 840 0 3
40 960 0
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D a y /N ig h t  A ir  Temperature
Constant Soil Temperature°C
Figure 7.9. The number of new white roots > 1.5 cm (LR) produced 
by seedlings at various a ir and soil temperatures 
three weeks a fte r root-pruning. Lines jo in  constant 
soil temperature treatments of the same experiment. 
'A' indicates soil temperature the same as a ir 
temperature.
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of these so il temperatures favoured LR growth. They l i e  w ith in  a 
range of so il d a i ly  heat sum between 480 and 720 degree-hours.
Soil temperatures under the 25°/15°C a i r  temperature had a 
marked influence on the numbers o f LR produced. Cool so il temper­
atures o f 10°C, 15°C and to a less extent even 20°C resulted in reduced 
LR. The low number o f LR at 10°C was comparable to the numbers o f LR 
at both 15°/5°C and 20°/10°C a i r  temperatures. The highest numbers 
of LR were attained at so il temperatures o f 25°C and 25°/15°C. Soil 
temperatures above or below these, resulted in marked reductions in 
numbers o f LR. At a so il temperature o f 35°C no LR were produced.
Under the 30°/20°C temperature regime cooler so i ls  of 15°C 
resulted in reduced numbers o f LR, however, s t a t is t i c a l l y  only LR 
at 30°C and th is  temperature were s ig n i f ic a n t ly  d i f fe re n t .  Relative ly 
l i t t l e  difference was found in LR produced at so i ls  from 20°C to 30°C. 
Large numbers o f LR were produced at these so il temperatures.
Increasing so il temperature to 35°C reduced the numbers o f LR consider­
ably. Root growth at th is  temperature was re s tr ic te d  to the p r o l i f e r ­
ation o f only a few short roots (SR) in most seedlings. S ta t is t ic a l ly ,  
however, the numbers o f LR at so il temperatures o f 35°C and 40°C 
were not s ig n i f ic a n t ly  d i f fe re n t  to those at so i l  temperatures o f 25°C 
and 30°C.
The SR and LR recorded fo r  the 35°C so il treatment were 
produced by only three seedlings. In te re s t in g ly ,  the LR produced by 
these seedlings developed at the uppermost part o f the root sytem and 
were ly ing  almost at the surface o f the planting medium. Production 
of roots so close to the a i r / s o i l  in te rface  might suggest there was 
a temperature gradient between the so il and a i r  and the very upper 
layer of so i l  was a l i t t l e  cooler than 35°C.
d) Total Length o f New Roots > 0.1 cm (TL)
The various a i r  and so il temperature combinations had marked 
effects on the to ta l length o f new roots produced (Table 7.12,
Figure 7.10). In general, temperatures which favoured production of 
great numbers o f roots especia lly  LR, produced the greatest length 
of roots (TL).
Under the coolest a i r  temperature (15°/5°C) the to ta l length 
of new roots increased with increasing so il  temperature. Seedlings at
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Table 7.12 E f fec t  o f so i l  temperature at d i f f e r e n t  day/n ight a i r  
temperatures on the to ta l  length of new roots (TL) 
produced by root-pruned seedl ings in 3 weeks. The 
values in cm are the means o f  8 rep l ica tes .
Soi l
Temperature
(°C)
Dai ly Heat Sum 
o f  the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15
' 5
20
'10
25 30,
71 5 720
5 120 404
10 240 48.1 2.3 16.2
15/5 280 248.8
15 360 303.6 60.6 58.5 164.4
20/10 400 99.4
20 480 323.8 394.3,3.5 243.3,171.2, 433.2
35.0
25/15 520 382.8,148.8
25 600 516.8,43.6 420.1,264.9, 395.2, 
121.8 181.3
30/20 640 452.7
30 720 154.7 597.2,
150.9
35 840 3.2 18.8
40 960 0.0
N
ew
 W
hi
te
 R
oo
ts
^l
-5
cm
 (
cm
)
137
Day/Night Air Temperature
15/5°C • ----- •
20/10°C ■ ....... ■
25/15°C O-----O
30/20°C a ----- *
Constant Soil Temperature°C
Figure 7.10. The total length of new white roots > 0.1 cm (TL) 
produced by seedlings at various air and soil 
temperatures three weeks after root-pruning. Lines 
join constant soil temperature treatments of the 
same experiment. 'A* indicates soil temperature the 
same as air temperature.
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the warmer so il temperatures produced s ig n i f ic a n t ly  longer lengths of 
new root than at the cooler so il temperatures examined.
The same trend was shown by seedlings under the 20°/10°C 
a i r  temperature regime. Despite some v a r ia b i l i t y  in the rep licated 
treatments at so il temperatures o f 20°C and 25°C, results ind ica te  that 
the TL at so il temperatures of 20°C and 25°C was greater than at 10°C. 
Increasing the day/night a i r  temperature from 20°/10°C to 25°/15°C 
made l i t t l e  difference to TL at the coolest so i l  temperature. Cool 
so il temperatures resulted in s ig n i f ic a n t ly  lower TL than at so il 
temperatures of 25°/15°C and 25°C, which produced the greater lengths 
o f new root. Within a range o f so il temperatures from 20°C to 30°C 
substantial lengths of root were produced, but there was a sharp 
decline in length o f root produced at so il temperatures in excess of 
30°C.
Under a i r  temperatures o f 30°/20°C, so il temperatures from 
20°C to 30°C were once again most benefic ia l fo r  the extension of 
roots. As so il temperature was reduced below 20°C to 15°C TL decreased 
sub s tan t ia l ly ,  however, s t a t is t ic a l l y  the differences were not s ig ­
n i f ic a n t .  With minor varia tions the TL of new roots under the 30°/20°C 
and 25°/15°C a i r  temperatures were comparable. At both a i r  temperatures 
increases in so il temperature above 30°C resulted in d ras tic  reductions 
in TL.
e) Average Length of New Roots £ 0.1 cm (AL)
The average lengths o f a l l  the new roots produced by seedlings 
under the various so il and a i r  temperature regimes are presented in 
Table 7.13 and Figure 7.11. Soil temperature had a strong influence on 
the average length (AL) of the new roots. Under the coolest a i r  
temperature regime root lengths (AL) tended to increase with increases 
in so il temperature. The longest roots were produced at so i l  temper­
atures o f 15°/5°C and greater.
Under the 20°/10°C a i r  temperature there were only s l ig h t  
increases in AL with increasing so il temperature. Warm s o i ls ,  however, 
were most favourable.
New roots produced under the 25°/15°C a i r  temperature were 
on the average longer at so il temperatures of 25°C and 25°/15°C.
Soil temperatures above or below these reduced AL considerably. The
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Table 7.13 Effect of soil temperature at  d i f ferent  day/night a i r  
temperatures on the average length of new roots (AL) 
produced by root-pruned seedlings in 3 weeks.
The values in cm are the means of 8 replicates.
Soil
Temperature
(£C)
Daily Heat Sum 
of the Soil 
(degree-hours)
Ambient Day/Night Air Temperature (°C)
!5/
'5
o
o
'"
C
X
I 25
'15
oC
V
I
oc
o
5 120 0.73
10 240 0.58 0.64 0.52
15/5 280 0.99
15 360 1 .08 1 .01 0.52 1 .01
20/10 400 1 .17
20 480 2.08 3.07,0.58 1 .10,0.86, 
0.72
1 .79
25/15 520 1 .55,1.06
25 600 3.05,0.79 2.02,1.73, 
1.38
2.27,1.25
30/20 640 2.22
30 720 0.96 2.51,0.70
35 840 0.28 0.41
40 960 0.00
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D a y / N i g h t  A i r  Tem peratu re
15/5 C • -------- •
20/10°C * • • • • ■
25/15 C O ------O
30/20°C a------ ▲
C ons tan t Soil T em pera tu re  C
Figure 7.11. The average length of new white roots >0.1 cm (AL) 
produced by seedlings at various a ir and soil 
temperatures three weeks after root-pruning. Lines 
jo in  constant soil temperature treatments of the same 
experiment. 'A' indicates soil temperature the same 
as a ir temperature.
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AL of new roots at soil temperatures of 20°C and 30°C were not 
d iffe ren t.
Under the 30°/20°C a ir temperature soil temperatures from 
20°C to 30°C produced the higher AL of new roots. Soil temperatures 
below 20°C and above 30°C reduced AL.
7.3.3.1.2 Shoot Growth
a) Diameter
With the exception of seedlings in Experiment 6, diameter 
increment and the re lative rate of diameter growth (RGR^ ) was greatest 
at the lowest a ir temperature regime, especially under the warmer soil 
temperatures (Table 7.14). S ta tis tic a lly  there were no differences in 
diameter growth (diameter increment and RGR^ ) between the soil temper­
atures examined at this a ir temperature.
Under the 20°/10°C a ir temperature regime diameter growth 
increased with increasing soil temperature. Differences in diameter 
growth between a soil temperature of 10°C and 20°/10°C soil temperature 
were s ign ifican t. Increasing soil temperatures from 20°C to 25°C 
had l i t t l e  effect on diameter growth.
Soil temperatures under the 25°/15°C and 30°/20°C a ir 
temperatures also had l i t t l e  effect on diameter growth. Increasing 
the soil temperature to 40°C at an a ir  temperature of 30°/20°C did 
however have a marked adverse e ffect on diameter growth.
b) Height
Both a ir and soil temperature had a s ign ifican t effect on 
height growth of seedlings. Height growth (height increment and RGR^ ) 
was equally poor for seedlings under the coolest a ir  temperature 
regime at a ll soil temperatures, and at the highest soil temperatures 
under the highest a ir  temperatures (Table 7.15).
Soil temperatures under the 15°/5°C a ir temperature regime 
had no s ign ifican t effect on height growth. Seedlings at a ll soil 
temperatures responded s im ila rly . Increasing the a ir temperature 
above 15°/5°C resulted in marked increases in height growth but increases 
in soil temperature above 10°C under the warmer a ir temperature 
regimes had l i t t l e  effect on heightgrowth. A soil temperature of 40°C 
sharply reduced height growth.
142
Table 7.14 E f fec t  o f so i l  temperature at d i f f e r e n t  day/n ight a i r
temperatures on the diameter growth of seedl ings 3 weeks 
a f te r  roo t-p run ing.  Values are the means o f  8 re p l i ca te s .
A Diameter Increment (mm)
Soil
Temperature
( ° c )
Daily Heat Sum 
o f  the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15, 20. 25, 30,
7 5 710 715 7 20
5 120 0.78
10 240 0.76 0.44 0.32
15/5 280 0.75
15 360 0.86 0.62 • 0.29 0.26
20/10 400 0.75
20 480 0.96 1.36,0.23 0.38,0 .36, 0.25
0.05
25/15 520 0.30,0.20
25 600 1.29,0.29 0.41,0 .28, 0.39,0.29
0.25
30/20 640 0.39
30 720 0.44 0.48,0.38
35 840 0.38 0.60
40 960 0.17
(Cont 'd next page)
143
Table 7.14 (Cont 'd)
B Relative Rates o f  Diameter Growth 
(mm/mm/day)
Soi l
Temperature
( 6C)
Dai ly  Heat Sum 
o f  the Soil 
(degree-hours)
Ambient Day/Night A i r  Temperature ( ° c )
15
'5
2°
'10
25
'15
30,
7 20
5 120 0.0057
10 240 0.0081 0.0048 0.0031
15/5 280 0.0079
15 360 0.0094 0.0068 0.0030 0.0031
20/10 400 0.0075
20 480 0.0068 0.0136,
0.0021
0.0040,
0.0036,
0.0016
0.0030
25/15 520 0.0032,
0.0019
25 600 0.0141 , 
0.0026
0.0042, 
0.0031, 
0.0022
0.0048,
0.0031
30/20 640 0.0047
30 720 0.0045 0.0059,
0.0040
35 840 0.0040 0.0061
40 960 0.0017
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Table 7.15 E f fec t  o f  so i l  temperature at d i f f e r e n t  day/n ight a i r  
temperatures on the height growth o f  seedl ings 3 weeks 
a f t e r  roo t-p run ing.  Values are the means o f  8 re p l i ca te s .
A Height Increment (cm)
Soil
Temperature
(°C)
Dai ly  Heat Sum 
o f  the Soil  
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
IS
'  5
2°
'10
25
'15
30,
7 20
5 120 0.80
10 240 0.69 1 .84 1 .94
15/5 280 0.59
15 360 0.70 1.54 ’ 1.92 1 .42
20/10 400 1 .60
20 480 0.94 2.16,1.27 2.04,1.04, 
0.26
2.20
25/15 520 1.71,0.73
25 600 2.28,1.00 1 .92,0.98, 
0.60
1.10,1.01
30/20 640 1.71
30 720 1.12 1.88,1.72
35 840 0.74 1 .85
40 960 0.56
(Cont 'd next page)
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Table 7.15 (Cont'd)
B Relat ive Rates of Height Growth (cm/cm/day)
Soi 1
Temperature
(°C)
Dai ly  Heat Sum 
of the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15
5
2°
'10
25
'15
30,
7 20
5 120 0.0014
10 240 0.0017 0.0047 0.0040
15/5 280 0.0015
15 360 0.0017 0.0041 .0.0041 0.0048
20/10 400 0.0041
20 480 0.0017 0.0141,
0.0025
0.0043,
0.0027,
0.0004
0.0067
25/15 520 0.0036,
0.0016
25 600
*
0.0115,
0.0023
0.0041,
0.0025,
0.0014
0.0034,
0.0025
30/20 640 0.0054
30 720 0.0030 0.0060,
0.0041
35 840 0.0019 0.0046
40 960 0.0014
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7.3.3.1.3 Final Dry Weight
a) Shoot, Regenerated Root and Total Root Dry Weight
As shown in Appendix IV the shoot and total root dry weight 
of seedlings did not differ significantly between treatments in most 
experiments. The only exceptions were under the 15°/5°C (Experiment 4) 
and 25°/15°C (Experiment 8) air temperature regimes.
Under the 15°/5°C air temperature total root dry weight was 
significantly greater at the 20°C soil temperature than at the 5°C 
soil temperature. Similarly seedlings under the 25°/15°C air temper­
ature at the warmer soil temperatures of 25°C and 25°/15°C produced 
the heavier total root dry weights compared to seedlings at cool soil 
temperatures of 10°C and 15°C.
Shoot dry weights generally corresponded closely with the 
height and diameter growth of the seedlings under the various temper­
ature treatments. Final total root dry weights reflected the root 
growth at the various temperatures.
The regenerated root dry weights of seedlings in all treatments 
(Table 7.16) were closely related to the total lengths and numbers of 
new root produced. In general, the greater dry weights were found at 
the warmer soil temperature treatments under each air temperature 
regime.
b) Root:Shoot Ratio
With few exceptions, the root:shoot ratios of seedlings 
differed l i t t l e  between soil temperature treatments in each experiment 
at the end of the three week treatment period (Table 7.17). Under the 
highest air temperatures root:shoot ratios were comparable. Flowever, 
root:shoot ratios of seedlings at the 25°C soil temperature under 
the 30°/20°C air temperature were significantly higher than those at 
15°C and 20°C soils. These cooler soils made no difference to root: 
shoot ratios of seedlings under the 25°/15°C air temperature.
Seedlings under the 15°/5°C air temperature regime tended 
to have the greatest rootishoot ratios of all treatments. At soil 
temperatures of 10°C to 15°C root:shoot ratios were higher under the 
15°/5°C air temperature than under the warmer air temperatures.
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Table 7.16 The regenerated root dry weights of seedlings under
various a i r  and soil temperature regimes. The values 
in grams are the means of 8 replicates.
Soi 1
Temperature
(°C)
Daily Heat Sum 
of the Soil 
(degree-hours)
Ambient Day/Night Air Temperature (°C)
15/5
2°
MO
25
'15
30,
'20
5 120 0.020
10 240 0.034 0.001 0.017
15/5 280 0.112
15 360 0.138 0.022 0.018 0.054
20/10 400 0.063
20 480 0.264 0.350,0.002 0.085,0.048,
0.009
0.122
25/15 520 0.162,0.037
25 600 0.308,0.021 0.144,0.081, 
0.054
0.132,
0.064
30/20 640 0.160
30 720 0.049 0.202,
0.053
35 840 0.008 0.007
40 960 0.000
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Table 7.17 E f fec t  o f  so i l  temperature at d i f f e r e n t  day/n ight a i r  
temperatures on the roo t :shoo t  r a t i o  (by dry weight) 
o f  seedl ings 3 weeks a f t e r  root-p run ing.  Values are the 
means of 8 re p l ica te s .
Soil
Temperature
(°C)
Dai ly  Heat Sum 
o f  the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15, 20, 25 30,
75 710 715 720
5 120 0.27
10 240 0.39 0.22 0.25
15/5 280 0.36
15 360 0.41 0.26 0.26 0.29
20/10 400 0.23
20 480 0.34 0.43,0.28 0.25,0.31, 0.28
0.28
25/15 520 0.28,0.30
25 600 0.48,0.24 0.28,0.30, 0.35,0.30
0.29
30/20 640 0.30
30 720 0.30 0.30,0.26
35 840 0.31 0.26
40 960 0.25
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7.3.3.2 Intact Seedlings
7.3.3.2.1 Root Growth
a) Number of Active White Roots
Results presented in Table 7.18 indicate that active root 
growth of in tact seedlings is favoured over a much wider range of soil 
temperatures than is root growth of root-pruned seedlings. The most 
apparent s im ila ritie s  in growth patterns are the large numbers of 
active white roots at the lower a ir temperatures and the restricted 
root growth at the higher soil temperatures.
Under the 15°/5°C a ir  temperature large numbers of active 
root tips were found on in tact seedlings at a ll soil temperatures 
except 20°C. The smaller numbers produced at this soil temperature 
suggests this temperature may stimulate more rapid suberization of 
roots and therefore, less white root tip s , yet on the other hand, 
may indicate reduced active root growth when soil temperatures exceed 
the ambient temperatures for the shoot.
Soil temperature had l i t t l e  e ffect on the numbers of active 
roots scored under the 20°/10°C, 25°/15°C and 30°/20°C a ir temperatures. 
There was a s ligh t tendency for greater numbers to be found on seed­
lings at the warmer soil temperatures. Although not s ign ifican tly  
d iffe ren t from the other treatments, at 35°C soil temperatures there 
was a s ligh t reduction in numbers of active root tips indicative of 
the greater suberization of roots at th is temperature and res tric tion  
of both root and mycorrhizal growth. The active white tips removed 
were short, with the remaining root system heavily suberized.
Seedlings at the highest soil temperature of 40°C under the 30°/20°C 
a ir temperature possessed no active roots. The root systems were 
fu lly  suberized.
b) Diameter of Active White Roots
As shown in Table 7.19 thicker root tips were produced at 
a ll the soil temperatures under the lowest a ir  temperature regime and 
under the coolest soil temperatures of the 20°/10°C, 25°/15°C and 
30°/20°C a ir  temperatures. In general, the higher a ir and soil temper­
atures produced the fine r (thinner) roots. Under both the 25°/15°C 
and 30°/20°C a ir temperature regimes increases in soil temperature
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Table 7.18 The numbers of ac t ive  whi te  root t ip s  found on in ta c t  
seedl ings at various a i r  and so i l  temperatures. Values 
are the means o f  2 rep l ica tes .
Soil
Temperature
(°C)
Dai ly  Heat Sum 
o f  the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15/ 5
2°
MO
25
Mb
30,
7 20
5 120 386
10 240 566 179 443
15/5 280 561
15 360 446 221 449 283
20/10 400 214
20 480 92 276,218 510,310,
132
98
25/15 520 596,200
25 600 235,30 403,168,
80
215,14
30/20 640 196
30 720 292 337,202
35 840 58 51
40 960 0
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Table 7.19 Diameters o f  the act ive  white root t ip s  found on in ta c t  
seedl ings at var ious a i r  and so i l  temperatures. The 
values in mm are the means o f  6 root measurements.
Soi l
Temperature
( ° C )
Daily Heat Sum 
o f  the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature ( ° C )
15
'5
ro
o
25
' 15
30.
'20
5 120 1.54
10 240 2.44 2.16 2.17
15/5 280 2.28
15 360 2.24 1.77 2.04 1 .52
20/10 400 2.10
20 480 2.12 1.82,1.68 1.84,1.52, 
1.76
1.20
25/15 520 1.66,1.36
25 600 1 .52,1.48 1.38,1.12, 
1.68
1.24,1.50
30/20 640 1 .42
30 720 1.75 1.24,1.65
35 840 1 .41 1.19
40 960 “
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from 15°C to 20°C made l i t t l e  difference to the thickness of new roots. 
Root diameters were comparable at the warmer air temperatures.
7.3.3.2.2 Shoot Growth
a) Diameter
As shown by Tables 7.14 and 7.20 diameter growth of intact 
seedlings was greater than that of pruned seedlings at all soil 
temperatures. The growth patterns of the intact seedlings differed 
slightly in response to different soil temperatures.
Under the 15°/5°C temperature regime soil temperature had 
no significant effect on diameter growth, but, there was a tendency 
for poor diameter growth at soil temperatures higher than ambient air 
temperature.
Increasing the air  temperature from 15°/5°C to 20°/10°C 
increased diameter growth of seedlings under most soil temperatures.
Soil temperature had no significant effect on diameter growth under 
the 20°/10°C air temperature.
At a higher air temperature of 25°/15°C, soil temperatures 
of 10°C to 30°C made l i t t l e  difference to diameter growth. Diameter 
growth at soil temperatures of 10°C and 15°C was comparable to that at 
the lower 20°/10°C and 15°/5°C air  temperatures.
Increasing the soil temperature to 35°C increased diameter 
growth to the highest value recorded for this air temperature regime, 
much as for Experiment 4 in the 20°/10°C set of results and at the 
warmest soil temperature at 30°/20°C air  temperature.
Soil temperatures above 25°C under the 30°/20°C air temper­
ature were most favourable for diameter growth, whereas, soil 
temperatures below 25°C resulted in marked reductions in diameter 
growth. Seedlings under the 30°/20°C air  temperature were more sensit­
ive to cooler soil temperatures than seedlings at 25°/15°C, otherwise 
growth at the other soil temperatures was comparable.
b) Height Growth
Height growth of intact seedlings, as might be expected, was 
greater than that of root-pruned seedlings at most soil temperatures 
(Table 7.15 and 7.21). The general growth pattern of intact and root- 
pruned seedlings differed slightly.
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Table 7.20 Diameter growth o f  i n t a c t  seedl ings a f t e r  3 weeks under 
var ious a i r  and s o i l  temperature regimes. Values are 
the means of 2 re p l i ca te s .
A Diameter Increment (mm)
Soi 1
Temperature
( ° C )
Dai ly  Heat Sum 
of the Soil 
(degree-hours)
Ambient Day/Night A i r  Temperature ( ° C )
15/ 5
ro
o
25
'15
30,
7 20
5 120 1.26
10 240 1.39 1 .49 1.27
15/5 280 1 .68
15 360 1 .41 1.33 . 1 . 4 0 0.60
20/10 400 1.68
20 480 0.84 1.56,1.00 1.48,1.07,
0.74
0.53
25/15 520 1.44,0.88
25 600 1.96,0.58 1.26,0.88,
0.86
0.84,0.42
30/20 640 0.98
30 720 0.86 1.18,0.89
35 840 1 .94 1.37
40 960 1.58
(Cont 'd next page)
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Table 7.20 (Cont 'd)
B Relat ive Rates of Diameter Growth 
(mm/mm/day
Soi l
Temperature
r e )
Dai ly Heat Sum 
of the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15/5
2°
'10
25
'15
30,
720
5 120 0.0108
10 240 0.0120 0.0156 0.0121
15/5 280 0.0144
15 360 0.0125 0.0146 ,0.0132 0.0083
20/10 400 0.0162
20 480 0.0075 0.0148,
0.0078
0.0133,
0.0095,
0.0074
0.0075
25/15 520 0.0135,
0.0080
25 600 0.0176,
0.0047
0.0120,
0.0079,
0.0075
0.0114,
0.0046
30/20 640 0.0124
30 720 0.0085 0.0153,
0.0105
35 840 0.0169 0.0151
40 960 0.0170
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Table 7.21 Height growth o f  i n t a c t  seedl ings a f t e r  3 weeks under 
various a i r  and so i l  temperature regimes. Values are 
the means o f  2 re p l i ca te s .
A. Height Increment
Soi l
Temperature
(5C)
Dai ly Heat Sum 
o f  the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15, 20, 25, 30,
75 7 10 7 1 5 7 20
5 120 0.90
10 240 1.80 3.33 3.25
15/5 280 1 .95
15 360 1.80 2.93 3.15 2.40
20/10 400 2.85
20 480 0.60 4.80,2.45 2.20,2.50, 1.40
1 .25
25/15 520 435,1.20
25 600 3.97,1.90 2.70,1 .95, 1.95,1.40
1.00
30/20 640 3.35
30 720 1.70 2.95,2.35
35 840 3.40 2.60
40 960 2.40
(Cont'd next page)
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Table 7.21 (Cont 'd)
B Relat ive Rates o f  Height Growth (cm/cm/day)
Soi 1
Temperature
( ° c )
Dai ly  Heat Sum 
o f  the Soi l 
( degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15
7 5
2°
'10
25
715
30.
'20
5 120 0.0021
10 240 0.0040 0.0080 0.0069
15/5 280 0.0037
15 360 0.0044 0.0083 0.0065 0.0094
20/10 400 0.0083
20 480 0.0017 0.0169,
0.0043
0.0046,
0.0047,
0.0029
0.0061
25/15 520 0.0086,
0.0034
25 600 0.0144,
0.0036
0.0052,
0.0043,
0.0026
0.0079,
0.0042
30/20 640 0.0132
30 720 0.0037 0.0115,
0.0075
35 840 0.0067 0.0074
40 960 0.0065
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Seedlings under the influence of a cool a i r  temperature were 
growing at a considerably slower rate (RGR )^ than seedlings at the 
same soil temperatures under warmer a i r  temperatures. Height growth 
did not d i f fe r  between the treatments examined under the 15°/5°C 
a i r  temperature regime. However, reduced height growth at a soil 
temperature of 20°C suggests once again some slackening of growth 
when soil temperatures exceed the ambient a i r  temperature.
Under the 20°/10°C a i r  temperature no differences in height 
growth were found between the higher and lower soil temperatures. At 
all  soil temperatures height growth was greater than under the 15°/5°C 
regime, indicating the favourable influence of an increased a i r  
temperature. Soil temperature also had l i t t l e  influence on height 
growth at the 25°/15°C temperature regime.
The higher soil temperatures from 25°C to 35°C under both 
the 25°/15°C and 30°/20°C a i r  temperatures did not reduce height 
growth. Under the 25°/15°C a i r  temperature height growth was enhanced 
by increasing the soil temperatures from 30°C to 35°C. Similarly,  
under the 30°/20°C a i r  temperature, soil temperatures at and above 30°C 
were favourable. Even at soil temperatures of 40°C height growth was 
surprisingly high, despite the absence of active white roots noted 
e a r l ie r .
7 .3 .3 .2 .2  Final Dry Weight
a) Shoot, New Root and Total Root Dry Weight
With one exception, the shoot and total root dry weights of 
the intact seedlings did not d i f fe r  s ta t is t ic a l ly  between treatments 
in a ll  experiments (see Appendix IV) .  The exception was the s ig n i f ­
icant ly greater shoot weight of seedlings at the 20°C soil temperature 
than the 5°C soil temperature under the 15°/5°C a i r  temperature regime 
(Experiment 4).  From the i n i t i a l  height and diameter measurements for 
these seedlings in Appendix IV .A .1, i t  appears that i n i t i a l  size rather 
than the treatment would account for the differences in dry weight.
As shown in Tables 7.18, 7.19 and 7.22 the dry weights of 
the active white roots of the intact seedlings is closely related to 
the numbers and diameters (thickness) of the active roots. In this 
regard, seedlings at soil temperatures under the coolest a i r  temperature 
regime and cooler soils of the warmer a i r  temperature regimes had the
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Table 7.22 The dry weights of the active white root t ips  found on 
in tact  seedlings under various a i r  and soil temperature 
regimes. The values in grams are the means of 2 
r ep l i c a te s .
Soil
Temperature
( ° C )
Daily Heat Sum 
of the Soil 
(degree-hours)
Ambient Day/Night Air Temperature ( ° C )
IS
' 5
2°
n o
25
' 1 5
30,
720
5 120 0.380
10 240 0.622 0.589 0.430
15 /5 280 0.944
15 360 0.500 0.510 0.700 0.515
20/10 400 0.595
20 480 0.172 0.473,0.379 0.459,0.535,
0.191
0.229
2 5/15 520 0.692,0.135
25 600 0.279,0.062 0.330,0.156,
0.153
0.135,
0.014
30/20 640 0.234
30 720 0.356 0.190,
0.191
35 840 0.049 0.038
40 960 0 . 0 0
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heaviest new root dry weights. Just as the actual root counts varied 
between treatments, so did the dry weights. Only differences between 
treatments in Experiment 11, were s ign ifican t.
b) Root:Shoot Ratio
Root:shoot ratios of in tact seedlings were greater than that 
of root-pruned seedlings in a ll but the highest soil temperatures 
under the warmer a ir temperatures, where rootishoot ratios were 
comparable (Tables 7.13 and 7.23).
At the soil temperatures examined, seedlings under the 15°/5°C 
a ir temperature had the highest rootrshoot ratios. Under this cooler 
a ir temperature there was a tendency for larger root:shoot ratios with 
increasing soil temperature. Differences between the highest and 
lowest soil temperature in each experiment were s ign ifican t. Increases 
in soil temperature under the 20°/10°C a ir temperature regime made 
l i t t l e  difference to seedling root:shoot ratios. Differences between 
treatments in a ll experiments were not s ign ifican t.
Under a 25°/15°C a ir temperature, soil temperature had a 
s ign ifican t influence on seedling root:shoot ratios. A cool soil 
temperature of 10°C reduced the ratios s ig n ifica n tly , whereas, increases 
in soil temperature from 15°C to 25°C made l i t t l e  difference to the 
value of the ra tio . Root:shoot ratios were highest at the 25°C soil 
temperature, but only s lig h tly  reduced at 35°C.
The root:shoot ratios of seedlings under the highest a ir  
temperature were less sensitive to cool soil temperature than seed­
lings under the 25°/15°C a ir temperature. Decreases in soil temperature 
from 30°/20°C to 15°C did not change the values. Increasing the soil 
temperature to 30°C, however, resulted in much lower root:shoot ra tios, 
but only s ign ifican tly  d iffe ren t from the ratios at the 20°C soil 
temperature. Further increases in soil temperature from 30°C to 40°C 
s ign ifican tly  reduced the ratios.
The root:shoot ratios under the 25°/15°C and to a certain 
extent 20°/10°C a ir  temperatures were comparable at a ll soil temper­
atures examined. At the highest soil temperatures of the 25°/15°C 
and 30°/20°C temperature regime root:shoot ratios were identical.
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Table 7.23 Root:shoot ra t io s  (by dry weight) o f  i n t a c t  seedl ings 
a f te r  3 weeks under var ious a i r  and so i l  temperature 
regimes. Values are the means o f  2 re p l i ca te s .
So i 1
Temperature
( ° c )
Dai ly  Heat Sum 
of the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15. 20, 25, 30,
7 5 7 10 71 5 720
5 120 0.50
10 240 0.49 0.42 0.40
15/5 280 0.60
15 360 0.74 0.49 0.56 0.63
20/10 400 0.49
20 480 0.78 0.53,0.36 0 .60 ,0 .43, 0.64
0.53
25/15 520 0.58,0.58
25 600 0.48,0.38 0 .64 ,0 .47 ,  0.62,0.38
0.59
30/20 640 0.62
30 720 0.43 0.44,0.43
35 840 0.35 0.35
40 960 0.29
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7.4 DISCUSSION
In the f i r s t  series of experiments, where root and shoot 
temperatures were the same, temperature was found to have a marked 
influence on the root regeneration potential (RRP) of P. ra d ia ta  
seedlings. The warm day/night temperature regimes (21°/l6°C, 24°/19°C, 
27°/22°C) were most beneficial for the proliferation of new roots. 
Maximum numbers (LR, SR, GT) and lengths (TL) of new root were 
produced at these temperatures (Fig. 7.1), with reduced root activity 
at the highest temperature (30°/25°C) and poorest root growth overall 
at the coolest temperature (15°/10°C). This root growth response to 
temperature agrees with an earl ier but less comprehensive study on 
P. ra d ia ta  seedlings by Macpherson (1970). In terms of numbers of 
active roots and root dry matter production, this author found that 
the RRP of root-pruned seedlings was equally good at temperatures of 
18°/13°C, 24°/19°C and 27°/22°C, but, markedly reduced at 33°/28°C. 
Macpherson's results, and the present results suggest that RRP of 
root-pruned and intact seedlings follows a similar response pattern 
at the same temperatures. Temperatures of 24°/19°C and 27°/22°C 
which promote the greatest root activity of intact seedlings 
(Macpherson, 1970) coincide with the temperatures at which the 
greatest RRP was observed in these experiments. Temperatures that 
encourage maximum RRP lie within the optimum temperature range for 
P. ra d ia ta  seedling growth (Shepherd, 1965; Cremer, 1968; Florence 
and Malajczuk, 1970).
The reduced RRP of seedlings under the temperature regimes 
of 15°/10°C and 30°/25°C in Experiment 1 agrees not only with the poor 
root growth of intact seedlings at similar temperatures (Macpherson, 
1970), but also with the overall reduction of growth of seedlings at 
temperatures of 15°/10°C or lower and of 30°/25°C or higher found by 
other authors (Shepherd, 1965; Cremer, 1968; Florence and Malajczuk, 
1970). While the RRP of seedlings at 30°/25°C was less than at slightly 
lower temperatures i t  was not as low as for seedlings at 15°/10°C.
Root regeneration was markedly inhibited by cooler day/night temper­
atures .
Detailed information on the root growth activity of root- 
pruned or newly transplanted seedlings under various ambient temper­
atures is very limited in the li terature.  However, studies of intact
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Pinus seedlings in the f i e ld  and in contro l led environments have 
shown that the numbers of ac t ive ly  growing root t ips produced and the 
rates of root elongation are sensit ive to high or low a i r  temperatures 
(Turner, 1936; Bi lan, 1967; Kozlowski, 1967; M e r r i t t ,  1968).
The day/night temperatures of 21°/16°C, 24°/19°C, 27°/22°C 
and 30°/25°C were more e f fec t ive  in promoting subsequent shoot growth
of seedlings than a temperature of 15°/10°C. The suppressed height 
growth of seedlings at 15°/10°C, indicates a s im i la r  growth 
response to in tac t  seedlings under the same temperature condit ions, 
as described in the l i t e ra tu r e  (Shepherd, 1965; Cremer, 1968;
Florence and Malajczuk, 1970). The rate of height growth of 
seedlings at 15°/10°C was only s t a t i s t i c a l l y  d i f fe re n t  from that of 
seedlings at 24°/19°C which grew the fas tes t .  The s l ig h t  increase in 
diameter growth of  seedlings as well as root production at 15°/10°C 
suggests some photosynthates were avai lable fo r  growth. Root growth 
appeared to be favoured over shoot (height) growth.
In general, seedlings under the warmest temperatures 21°/16°C, 
24°/ l9°C, 27°/22°C and even 30°/25°C show sat is fac tory  growth a f te r  
replanting. Temperatures of 15°/10°C, however, are less favourable 
for  subsequent growth. But, the second experiment showed that the 
shoot and roots of  seedlings continue to grow at temperatures below 
15°/10°C, a lb e i t  at substan t ia l ly  reduced rates. Seedlings at 
temperatures of 11°/6°C and 8°/4°C had the potential  to regenerate 
roots, but the subsequent extension of  these new roots was inh ib i ted .
Shoot growth of in tac t  seedlings was res t r ic ted  at the lower temperatures, 
but, the presence of new roots suggests some photosynthates were 
channelled in to  the roots fo r  growth. The better  overal l  growth of 
seedlings at the higher temperatures could be a re f lec t ion  of the 
greater amounts of photosynthates avai lable fo r  growth.
The pale unhealthy colour of the shoots of in ta c t  and root- 
pruned seedlings at the lowest temperature (8°/4°C) could be trie resu l t  of  
nu tr ien t  deficiency. The re s t r i c t io n  of  mineral uptake and trans­
location of  minerals in plants grown at low soi l  temperatures has been 
discussed by many authors, as c ited by Knoll e t  a t .  (1964) and 
Cooper (1973). The exposure of plants to sixteen hours of cold night 
temperature in th is  treatment may have had a s im i la r  e f fec t  in 
disrupt ing th e i r  n u t r i t io n .
The general poor response of  both in ta c t  and root-pruned 
seedlings to low temperature in th is  experiment f i t s  closely to the
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responses observed by Cremer (1968) who found the overall growth of 
seedlings was not favoured at temperatures of 9°/4°C and 12°/7°C. 
Observations of other Pinus species in the field have shown that 
seasonal decreases in temperature limit both root and shoot growth 
of intact (Lanner, 1964; Bilan, 1967; Larson, 1967) and transplanted 
(Bilan, 1961) seedlings.
Decreasing night temperature under a favourable day temper­
ature of 27°C had l i t t l e  effect on the RRP of P. radiata seedlings.
In terms of total numbers of root produced (GT, LR), the potential 
for root growth was the same under all the temperatures. However, 
differences were found in the subsequent extension of the new roots 
produced.
A greater proliferation of short roots (SR), a shorter 
length of LR (TL, AL), and a greater number of SR than LR were observed 
under the 10°C night temperature (Fig. 7.6, Table 7.6). This response 
would indicate that a cool night temperature stimulates the prolifer­
ation of new roots but inhibits their subsequent extension.
Production of equal numbers of SR and LR by seedlings under the 15°/10°C 
temperature regime in Experiment 1 would further suggest that cooler 
temperatures promote proliferation and to a lesser extent elongation 
of new roots.
There were no apparent trends in the length (TL) of root 
produced but the average length LR (AL) indicates that warmer nights 
of 22°C were more beneficial in the extension of new roots than cooler 
nights of 10°C.
Previous work with P. radiata by Hellmers and Rook (1973) 
indicated that root growth was encouraged by cooler night temperatures. 
However, caution must be taken in comparing the growth responses of 
seedlings studied by these authors and the results of the present 
experiment. Because of the large differences in the actual treatment, 
there is really no basis for comparison. Seedlings used by Hellmers 
and Rook (1973) were growing intact under the various temperature 
regimes for three to six months before being harvested, whereas, 
seedlings in this experiment were root-pruned, and subjected to the 
various temperature regimes for a total of only five weeks. It is not 
surprising that the root response of seedlings in this study would not 
be as marked as the responses by seedlings in the study by Hellmers 
and Rook. Given time, perhaps comparable differences would result.
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Diameter growth of seedlings was not influenced by night 
temperature, but, height growth was greater at the coolest night 
temperature. Relative rates of height growth showed that seedlings 
growing at 27° day temperature and a 10° night temperature were growing 
at a faster rate than seedlings at the 16° night, but not significantly 
faster than seedlings at the 22° night temperature. The responses 
obtained suggest that cooler night temperatures appear to favour shoot 
extension rather than root elongation, but, that warmer nights favour 
the overall better growth of seedlings. In other words, the d is t r ib­
ution of growth within the seedlings was altered by the day and night 
temperature regime. I t  is tempting to speculate that the height 
response of seedlings under the 27°/10°C regime was due to seedling 
abili ty  to conserve carbohydrates during the cool night. The duration 
of the 10°C night temperature was for sixteen hours, ten of which 
were in the dark, possibly reducing the rates of respiration 
in the seedlings. The importance of low night temperatures
for conserving food by reducing its  use in respiration has been 
stressed by Kramer (1957).
Many reports have shown that cool soils stimulate the 
production of short, thick, white, succulent roots with few laterals 
and that warm soils stimulate the production of long, thin, brown roots 
with greater lateral production (Nightingale, 1935; Barney, 1951; 
Hellmers, 1963b;1966; Larson, 1967; Lavender e t  a l . 3 1968; Bowen,
1970; Cooper, 1973; Rook and Hobbs, 1975; Abod, 1977). Observations 
on new root growth under the various temperature regimes presented 
here agree with these findings. The great differences in the number, 
length and morphological characteristies of the new roots produced 
suggests that soil temperature played a major part in the growth and 
development of the roots in all experiments. But, under the conditions 
of these earlier experiments the relative contribution of the air and 
soil to root growth could not be discerned.
In the second series of experiments the soil temperature 
was controlled separately. Air and soil temperatures were found to 
have separate and distinct effects on the root and shoot growth of both 
intact and root-pruned P. ra d ia ta  seedlings. From the review by 
Cooper (1973) i t  is clear that root growth responses of plants to a 
range of temperatures can be characterized by sigmoid curves, with 
maximum growth occurring within an optimum temperature range which
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varies with species. Based on the data from Experiments 1 to 13, i t  
is evident that  there is f i r s t  of all  a response surface to ambient 
temperature and, fur ther ,  there is a response of P. ra d ia ta  seedlings 
to each separate soil temperature. These resemble those observed 
for many other plant species (Cooper, 1973). That i s ,  there was an 
optimum root temperature range for growth within each ambient a i r  
temperature regime.
For a given a i r  temperature, maximum root growth occurred 
at  soil temperatures which had more or less the same heat sum for that  
par t icu la r  a i r  temperature. This optimum root temperature varied with 
the a i r  temperature. For example, in terms of numbers and lengths 
of new roots produced, maximum growth under the 15°/10°C a i r  temper­
ature was at  a soil heat sum of 280 to 360 degree-hours, but, under 
the 25°/15°C a ir  temperature a t  480 to 600 degree-hours. The best 
RRP and root growth of in tac t  seedlings occurred within the soil 
temperature range of 20°C to 30°C.
The shoot (diameter and height) growth patterns were similar 
to those of the roots, although, the optimum range for shoot growth 
was generally wider than for root growth, for both in tac t  and root- 
pruned seedlings. In this  regard, soil temperature appeared to be 
less c r i t i c a l  for shoot than for root growth, par t icu la r ly  within the 
higher temperature range.
A number of studies reported in the l i t e ra tu re  have also 
shown that  the optimum soil temperatures for shoot and root growth of 
in tact  seedlings of the same species, and for both in tac t  and root- 
severed seedlings of some species, l i e  within the same range (Adams, 
1934; Barney, 1951; Stone and Schubert, 1958, 1959a,b; Hellmers, 1963b; 
Stone e t  a l . 3 1962; Steinbrenner and Rediske, 1964; Schubert and Baron, 
1965; Chalupa and Fraser, 1968; Bowen, 1970; Larson, 1970; Lavender 
and Overton, 1972; Heninger, 1974; Heninger and White, 1974; Abod,
1977).
The marked differences in the numbers, lengths, sizes and 
colour of roots produced at  the various soil temperatures conform with 
other reports in the l i t e ra tu re  (Nightingale, 1935; Barney, 1951; 
Schubert and Baron, 1965; Chalupa and Fraser, 1968; Bowen, 1970;
Cooper, 1973; Rook and Hobbs, 1975; Abod, 1977). Detailed observation 
showed that  within the optimum temperature range, large numbers of 
long, thin ,  brown roots were produced and that  the cool soi ls  outside 
the optimum range resulted in production of only a few, short ,  thick, 
white roots.
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Growth in h ib i t io n  at the low and high a i r  and so i l  temperatures 
and the marked morphogenic dif ferences in the new roots produced may 
have been a d i rec t  e f fec t  of temperature on root metabolism and synthe­
sis of various growth factors (Street,  1966; Lavender and Overton,
1972; Atkin et al.3 1973; Lavender et al., 1973).
The highest a i r  and soi l  temperatures studied were most 
detrimental to root growth of both in ta c t  and root-pruned seedlings.
At the 40°C soi l  temperature root systems of the in tac t  seedlings 
appeared inactive and the root-pruned seedlings lacked the potential  to 
regenerate new roots. Barney (1951) noted that at a so i l  temperature 
of  35°C roots of in ta c t  Pinus taeda seedlings also had an appearance 
of dormancy, and suggested that actual changes to the protoplasmic 
structure of the root might occur at supraoptimal temperatures. The 
increased shoot growth of in tac t  seedlings at th is  high soi l  temper­
ature indicates that a l l  growth was not inh ib i ted ,  but rather the 
d is t r ib u t io n  of growth was altered in favour of  shoot rather than root 
growth. Because roots depend on shoots fo r  carbohydrates and shoots 
depend on roots fo r  water and minerals, the growth of both is closely 
coordinated (Nielson and Humphries, 1966). As roots are a carbo­
hydrate sink and th e i r  growth is regulated by shoot a c t i v i t y  i t  would 
appear that  at the higher temperatures more food was avai lable fo r  the 
shoot than the root . I t  is general ly recognized that the carbohydrates 
produced by the shoot are used p re fe re n t ia l ly  fo r  shoot growth with 
roots receiving the excess not used in the upper stem (Kozlowski and 
Kel ler,  1966). The sharp decl ine in roots produced at the higher 
temperature suggests perhaps the translocation of photosynthates was 
reduced to the roots and that more was avai lable fo r  shoot growth*
High temperatures may however also have an e f fe c t  by increasing 
resp ira t ion,  hastening depletion of  food reserves and consequently 
reducing the a v a i la b i l i t y  of photosynthates fo r  the roots (Kramer,
1957; Kramer and Kozlowski, 1960). A l te rn a t ive ly ,  the high temperature 
may have affected the rate of photosynthesis (Wood and B r i t t a i n ,  1973).
At the low a i r  temperatures, root growth was preferred to 
height growth in both in tac t  and root-pruned seedl ings. The large 
numbers and lengths of th ick , new roots produced and the larger stem 
diameter o f  root-pruned seedlings at the cool so i ls  (10°, 15°C) could 
be a re f lec t ion  of the greater amount o f  photosynthate present for
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growth. Increasing air temperatures, enhanced the shoot growth and 
reduced the root growth of seedlings at the cool soil temperatures, 
reversing the pattern of growth distribution.
The high RRP of root-pruned seedlings and equally good shoot 
growth within the optimum temperature range suggests that the rates 
of photosynthesis, rates of translocation of photosynthates to the 
roots and the rate of utilization of photosynthates within the plant 
is at a maximum. The observed variation beyond the optimum range 
could be the result of changes in one of these, or a combination of 
these processes. Changes in these processes (photosynthesis, trans­
location) to variations in temperature have been reported for many 
other species in the literature (Decker, 1944; Crafts, 1951;
Richardson, 1953b, 1956; Vinokur, 1957; Kozlowski and Keller, 1966; 
Negisi, 1966; Babalola e t  a l . 3 1968; Wood and Brittain, 1973; Turner 
and Jarvis , 1975).
Reduced overall growth at the temperature extremes might 
have involved a number of complicated interactions of water relations 
and nutrition besides the availability of photosynthates for growth.
Low soil temperatures, in the order of 5°-10°C, have been reported to 
res tr ic t  the absorption of water (Duncan and Cooke,1932; Kramer, 1940, 
1942 , 1956; Kozlowski, 1943; B'bhning and Lusanandana,!952; Rahman e t  a l . 3 
1959; Ashby, 1960; Kuiper, 1964; Kramer, 1969; Cooper, 1973) and 
mineral uptake (Vinokur, 1957; Ashby, 1960; Power e t  a l . 3 1963;
Bowen, 1970) in plants. This suggests that perhaps seedlings at low 
soil temperatures could have been under some nutrient or moisture 
stress. None of the seedlings in this study, however, showed signs 
of nutrient deficiency. In addition, previous experiments (Chapter 4) 
have indicated that the nutrients present in plants before root-pruning 
is sufficient to support growth for the period of study (three weeks), 
discounting the possibility that lack of nutrients was responsible 
for reduced growth.
Various degrees of needle desiccation on root-pruned seedlings 
at the soil temperatures examined suggested that these seedlings 
suffered some moisture stress. Intact seedlings suffered no needle 
desiccation which was perhaps just a reflection of the greater 
absorbing area of these seedlings. At increased air and soil temper­
atures i t  might be expected that moisture stress would be increased by 
seedlings due to rates of transpiration (e.g. Babalola e t  a l . } 1968;
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Cooper, 1973; Rook and Hobbs, 1975). Death of two root-pruned seed­
lings at the highest temperatures in contrast to the continued growth 
of intact seedlings suggests that severe moisture stress might have 
developed in these seedlings due to the absence of roots. This 
question is explored further in subsequent chapters.
The results of this long series of experiments show that both 
a ir  and soil temperatures are important factors controlling the RRP and 
subsequent shoot growth of root-pruned P. r a d ia ta  seedlings. Although 
root responses are shown to be more related to the soil than to the 
a ir temperature, there is a clear trend for a ir  temperature to a lter 
the distribution in growth in such a way that root growth is favoured 
at the lower temperature range. Shoot growth on the other hand, is 
more related to a ir  temperature and less c r i t ic a l of temperatures of 
the root zone.
In particular, the best growth response of P. r a d ia ta  occurs 
in the warm a ir  and soil temperature range (20°-30°C) with a heat sum 
equivalent of 480 to 720 degree-hours. This applies to temperature 
experiments with both controlled (Experiments 4 to 13) and uncontrolled 
(Experiments 1 to 3) soil temperatures, despite the fact that there 
were differences in the ages, sizes and growth history of the seedlings 
and the environmental conditions themselves. Since under both controlled 
and uncontrolled soil temperature experiments various combinations of 
actual temperature and temperature duration were used, the consistent 
occurrence of maximum growth within the same soil heat sum range 
suggests that daily soil heat sum is a c r it ica l factor influencing 
root growth.
Nevertheless, the relative proportion of various root types 
(short roots (SR) and long roots (LR)) produced varied with the actual 
temperature regime. Under cooler a ir  and soil temperatures more SR 
were produced than LR. This has also been shown in a previous experi­
ment (Chapter 4).
The varied growth patterns found over the temperature range 
can be of practical importance in s ilv icu ltu ra l work in relation to 
nursery practice and plantation establishment. In the nursery, 
wrenching, root-pruning and fe r t i l iz a t io n ,  for example, should be 
undertaken at the time of the year when temperature conditions are 
favourable for RRP. In this regard such practices such as under­
cutting and/or wrenching should be avoided particularly where soil 
temperatures are too low, or for that matter too high, since seedling 
growth and even survival could be impaired.
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Cool air  temperatures and warm soi ls, characteristic of 
autumn, winter and early spring would favour root production. Although 
a large portion of the roots would be shorter, they should retain 
their  potential to elongate (Stone and Schubert, 1959a). In addition, 
under these conditions, stockier (smaller height:diameter ratio) and 
better balanced (greater rootrshoot ratio) seedlings could be attained, 
features which are welcomed in seedling production.
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CHAPTER 8
THE EFFECT OF AIR AND SOIL TEMPERATURE ON PHOTOSYNTHESIS, 
TRANSLOCATION OF PHOTOSYNTHATES AND WATER RELATIONS OF SEEDLINGS
8.1 INTRODUCTION
In the previous chapter i t  was shown that marked differences 
in seedling growth occurred at various a i r  and so il temperatures. I t  
was also suggested that the root growth response might have been 
re lated to differences in  the rates o f photosynthesis, in the trans­
location o f photosynthates or in the water re la tions of the seedlings. 
These p o s s ib i l i t ie s  are explored in th is  chapter. The work described 
was carried out in conjunction with the so il temperature experiments 
described in Chapter 7 (Section 7.3).
8.2 EFFECT OF VARIOUS AIR AND SOIL TEMPERATURES ON PHOTOSYNTHESIS 
OF INTACT AND ROOT-PRUNED SEEDLINGS
8.2.1 Materials and Methods
Photosynthesis measurements were carried out on seedlings 
ju s t  p r io r  to the f in a l  harvest, tha t is ,  three weeks a f te r  root- 
pruning had taken place. Two in ta c t  and two root-pruned seedlings from 
each temperature treatment (see Table 7.7) were selected fo r  photo­
synthesis measurement. In add it ion , two in ta c t  and root-pruned seedlings 
at the ambient so il temperatures o f 15°/5°C (Experiment 5) and 20°/10°C 
(Experiment 8) were included in the measurement.
Photosynthesis was measured by in fra -re d  gas analysis, as 
detailed in Chapter 3 (Section 3 .2 .3). Measurement took place at the 
day a i r  temperature at which the seedlings were growing while roots
were maintained at the treatment so i l  temperature. L ight in te n s ity
- 2  -1was adjusted to approximately 735pEm sec (3500 f . c . )  fo r  measurement.
Net photosynthesis was calculated as mg CO^/g/hr (see Chapter 
3, Section 3 .5 .1 ). where the weight is  dry weight of green needles.
A ll desiccated portions of needles were excluded.
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8.2.2 Statistical Analysis
Differences in the rates of photosynthesis were compared 
between the treatments of the same experiment. Comparisons were not 
made between experiments or between intact and root-pruned seedlings. 
Duncan's multiple range test was used to test the differences between 
treatment means in Experiments 4, 5, 6, 8, 9, 10, 11, 12, 13. Student's 
t - te s t  was used to compare the differences between the treatment means 
in Experiment 7. The results of the analyses are presented in 
Appendix V. The sta t is t ica l  analyses must obviously have limited 
usefulness because of the very small number of plants involved, only 
two per treatment, but have been included for completeness.
8.2.3 Results
The results of the effect of various air  and soil temperatures 
on the rates of photosynthesis of root-pruned and intact seedlings are 
summarized in Tables 8.1 and 8.2 respectively. Intact seedlings had 
consistently higher rates of net photosynthesis, however, the patterns 
of photosynthetic response under the various temperature regimes were 
similar for both intact and root-pruned seedlings (Figure 8.1).
Photosynthetic rates of both intact and root-pruned seedlings 
were very similar for most soil temperatures tested for a given air 
temperature regime. However, there were some interesting trends 
observed in relation to increasing soil and air temperature.
Under the 15°/5°C and 20°/10°C air temperature regimes, net 
photosynthesis tended to increase with increases in soil temperature.
At these temperatures RRP is also high. Under the 25°/15°C air 
temperature, photosynthesis rates were significantly reduced where 
the soil temperature was only 10°C but apart from a slight decline at 
soil temperatures of 30°C and 35°C, the rates at other soil temper­
atures varied l i t t l e .  Under the highest air temperature (30°/20°C) 
there was a tendency for photosynthesis of root-pruned seedlings to 
increase with decreasing soil temperature in Experiment 12, but, 
a contrary result is shown Experiment 13 so that there was no clear 
trend. The values at all soil temperatures up to 35°C were high for 
both root-pruned and intact seedlings. As very l i t t l e  root growth 
occurred at root temperatures above 30°C, i t  seems that the photo- 
synthates produced must have been used other than in root growth.
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Table 8.1 Net photosynthesis of root-pruned seedlings a f te r  three 
weeks a t  various a i r  and soil temperatures. The values 
in mg.g- l .hr- ! are the means of 2 rep l ica tes .
Soi 1
Temper-
ature(°C)
Daily Heat Sum 
of the Soil 
(degree-hours)
Ambient Day/Night Air Temperature (°C)
15/ 5
o
cT"
O
vJ 25
' 15
30,
7 20
5 120 3.16
10 240 4.62 7.32 3.09
15/5 280 6.83,5.32
15 360 6.84 5.48 3.46 9.72
20/10 400 6.11,4.30
20 480 6.85 9.54,5.90 3,46,6.89,
3.32
7.53
25/15 520 3.67,7.92
25 600 11.08,5.83 3.86,6.51 , 
6.53
7.19,4.47
30/20 640 7.30
30 720 5.00 6.31,7.70
35 840 5.29 7.59
40 960 4.49
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Table 8.3 Net photosynthesis o f  i n t a c t  seedl ings a f te r  three weeks at 
var ious a i r  and so i l  temperatures. The values in mg.g-l.hr~l  
are the means o f  2 re p l i ca te s .
Soil
Temper-
ature(°C)
Dai ly Heat Sum 
of the Soi l  
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
20, 25 30,
710 715 7 20
5 120 4.58
10 240 7.77 9.22 7.16
15/5 280 10.78,10.68
15 360 12.82 7.11 9.72 8.71
20/10 400 9.45,5.92
20 480 9.32 13.80,7.04 10.03,9.48, 7.13
9.11
25/15 520 10.27,11.32
25 600 11.16,6.25 10.92,6.19, 9.70,7.74
9.24
30/20 640 9.56
30 720 5.89 9.04,9.25
35 840 7.29 7.44
40 960 5.82
Figure 8.1. 
Effect of various air and soil 
tem
peratures on net photosynthesis of root-pruned and 
intact seedlings. 
Lines join constant soil 
tem
perature treatm
ents of the same 
experim
ent. 
'A' 
indicates soil 
tem
perature the same as air tem
perature.
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Net Ph oto synth es i s  (mg CC>2-g-hr )
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At so i l  temperatures o f  40°C rates o f  photosynthesis o f  both i n ta c t  
and root-pruned seedl ings was s i g n i f i c a n t l y  reduced as was root growth.
A i r  temperature had less apparent in f luence on photosynthesis 
than so i l  temperature. Even a t  the lowest a i r  temperature o f  15°/5°C, 
high rates o f  photosynthesis were atta ined with  warm s o i l s .  For 
in t a c t  seedl ings photosynthesis was r e l a t i v e l y  high under a l l  a i r  
temperatures, but,  was markedly reduced a t  a so i l  temperature o f  5°C 
under the 15°/5°C a i r  temperature with  a tendency fo r  a reduced rate 
at 10°C so i l  under the same a i r  temperature regime.
8 •3 EFFECT OF VARIOUS AIR AND SOIL TEMPERATURES ON THE TRANSLOCATION 
OF 14C-LABELLED PHOTOSYNTHATES IN BOTH INTACT AND ROOT-PRUNED 
SEEDLINGS
8.3.1 Mater ia ls  and Methods
Three root-pruned seedl ings and the two i n ta c t  seedl ings were 
selected fo r  assessing t rans loca t ion  o f  ^C-photosynthate at each so i l  
temperature regime in Experiments 4, 5, 6, 7, 9, 10 and 12 of Chapter 7. 
The apparatus used in ^ C - l a b e l l i n g  is de ta i led  in Chapter 3 (Section 
3 .2 .4 ) .
14The shoot o f each seedl ing was exposed to C0£ j u s t  p r io r  
to being placed in to  the various so i l  temperatures. Root-pruned 
seedl ings were fed no l a t e r  than 10-15 minutes a f t e r  the roots were 
severed. At harvest,  three weeks l a t e r ,  a f t e r  appropr iate root and 
shoot measurements were made, the p lan t  parts were separated in to  main 
stem, branches, residual root ( t o ta l  f i n a l  roo t  minus new root) and 
new roots then oven-dried (see Chapter 3, Section 3 .3 .5 ) .  Samples 
were prepared and r a d io a c t i v i t y  counted as de ta i led  in Chapter 3 
(Section 3 .2 .4 ) .  The proport ion o f  ^C-photosynthate accumulated in 
each p lan t  par t  was ca lcu la ted as described in Chapter 3 (Sect ion 3 .5 ) .
8.3.2 S t a t i s t i c a l  Analysis
Duncan's m u l t ip le  range te s t  (Experiment 4, 6, 9, 10, 12) 
and Student 's t - t e s t  (Experiments 5, 7) were used in comparing d i f f ­
erences between treatment means. Dif ferences in the means between 
experiments and between in t a c t  and root-pruned seedl ings were not 
compared. The resu l ts  o f the analyses are presented in Appendix VI.
Once again the l im i te d  number o f  observations possib ly  l im i t s  the 
usefulness of such analyses.
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8.3.3 Results
The proportion of accumulated in the to ta l  shoot (main
stem and branches) and to ta l  root (new and residual root) o f  root-
pruned and in tac t  seedlings are summarized in Tables 8.3, 8.4 and
Tables 8.5, 8.6 respect ively. The results of the d is t r ib u t io n  of
assimilates in to  the main stem, branches, residual root and new root
are presented in Appendix VI. Substantial  plant to plant var ia t ion
was evident in both root-pruned and in ta c t  seedlings but the pattern 
14of C d is t r ib u t io n  did show quite consistent trends in re la t ion  to 
a i r  and soi l  temperature.
The most s t r i k in g  dif ference in d is t r ib u t io n  was between
root-pruned and in tac t  seedlings (Figures 8.2 and 8.3).  In a l l  t re a t -
14ments root-pruning resulted in reduced C-photosynthate accumulation 
by the roots, the resul ts fo r  root-pruned and in ta c t  seedlings w i l l  
be presented separately.
a) Root-pruned Seedlings
The greatest proportion of photosynthate accumulated by the 
roots was under the lowest a i r  temperature (Table 8.4, Figure 8.2).
This pattern of ^C-photosynthate d is t r ib u t io n  indicated more photo­
synthate was translocated away from the shoots where height growth 
was suppressed. Increasing a i r  temperature resulted in marked 
reductions in photosynthate in the roots (Tables 8.4 and 8 .5 ) ,  which 
paral leled shoot growth increases at these temperatures. The 
re la t i v e ly  small accumulation of in the branches of seedlings 
(Appendix VI) under th is  a i r  temperature indicates most photosynthates 
were held in the stem. Diameter growth was greater at these temper­
atures.
Under the 20°/10°C a i r  temperature, translocation of photo­
synthates to the roots was markedly reduced by a so i l  temperature of 
10°C. The same tendency was shown under the 15°/5°C and 25°/15°C 
a i r  temperature regimes.
Under the 25°/15°C a i r  temperature the proportion of  photo­
synthates accumulated by the roots was high at the high soi l  
temperatures o f  30°C and 35°C, but at a so i l  temperature of 35°C root 
growth had v i r t u a l l y  ceased and shoot growth was suppressed. The 
proport ion of ^C-photosynthates in new roots (Appendix VI) under th is  
a i r  temperature was higher at the 25°C soi l  temperature than any other.
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Table 8.3 Proport ion of 1^c-photosynthate accumulated in the shoots 
o f  root-pruned seedl ings three weeks a f te r  ^ - l a b e l l i n g .  
The values expressed as percentage o f  to ta l  p lan t  
recovery are the means o f  3 re p l i ca te s .
Soi 1
Temper-
ature(°C)
Dai ly Heat Sum 
o f  the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15/ 5
2°
'10
25
'15
30,
7 20
5 120 86.7
10 240 78.0 92.3 94.0
15/5 280 78.8
15 360 74.6 82.1 92.0 88.3
20/10 400 87.8
20 480 78.7 83.1 87.4,89.4 87.9
25/15 520 89.9
25 600 78.1 88.6,91.2 84.0
30/20 640 88.0
30 720 85.1 87.7
35 840 85.3
40 960
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Table 8.4 Proport ion of ^C-photosynthate accumulated in the roots of 
root-pruned seedl ings three weeks a f t e r  ^ C - l a b e l l i n g .  The 
values expressed as percentage o f  to ta l  p lant  recovery 
are the means o f  3 re p l i ca te s .
Soi 1
Temper-
ature(°C)
Dai ly  Heat Sum 
o f  the Soil 
(degree-hours)
Ambient Day/Night Ai r  Temperature (°C)
15
'5
o
o
'"
C
\J 25
'15
30,
'20
5 120 10.1
10 240 22.3 7.7 6.0
15/5 280 20.7
15 360 25.4 18.0 8.1 11.4
20/10 400 12.2
20 480 21.3 16.9 12.5,10.5 12.1
25/15 520 10.1
25 600 21 .9 11.7,8.8 16.0
30/20 640 11.7
30 720 14.9 12.3
35 840 14.7
40 960
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Total Shoot
-O
D a y / N i g h t  A i r  T e m p e r a tu r e
15/5C#------- •
20/10°C ■••••••■
25/15°Co-------O
30/20°C ▲------- ▲
Tota l  Root
/ > ---------O
C o n s ta n t  So i l  T e m p e r a t u r e C
1 4Figure 8.2. Translocation of C-labelled photosynthate to the shoots 
and roots of root-pruned seedlings at different a ir and 
soil temperatures. Lines connect treatments of the same 
experiment. 'A' indicates soil temperatures the same as 
a ir temperature.
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Table 8.5 Proportion of ^C-photosynthate accumulated in the shoots of 
in tac t  seedlings three weeks a f te r  ^ C - lab e l l in g .  The 
values expressed as percentage of total  plant '^C recovery 
are the means of 2 rep l ica tes .
Soil 
Temper- 
ature(°C)
Daily Heat Sum 
of the Soil 
(degree-hours)
Ambient Day/Night Air Temperature (°C)
15/ 5
2°
' i o
25
'15
30/
7 20
5 120 67.2
10 240 70.2 80.1 80.0
15/5 280 66.1
15 360 61.0 75.1 78.2 69.0
20/10 400 73.0
20 480 58.2 65.8 73.8,84.0 72.5
25/15 520 75.5
25 600 70.8 71.8,74.1 65.9
30/20 640 71.0
30 720 73.1 74.5
35 840 72.3
40 960
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Table 8.6 Proport ion o f  ^C-photosynthate accumulated in the roots of 
i n t a c t  seedl ings three weeks a f t e r  ^ C - l a b e l 1inq.  The 
values expressed as percentage of to ta l  p lant recovery 
are the means of 2 re p l i ca te s .
Soil
Temper-
ature(°C)
Dai ly Heat Sum 
o f  the Soi l 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15
'5
2°
'10
25
'15
30-
'20
5 120 32.6
10 240 29.9 20.0 20.7
15/5 280 34.0
15 360 39.0 24.7 21.8 31.0
20/10 400 27.0
20 480 41 .6 34.2 26.1,16.0 27.5
25/15 520 24.4
25 600 29.2 28.2,25.9 34.1
30/20 640 28.3
30 720 26.8 25.6
35 840 27.7
40 960
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Total Shoot
-  - / Ö -  -
15/5 C • ------- •
20/10°C ■ ........ ■
D a y /N ig h t  A i r  Temperature 25/i5°C o___O
30/20°C ▲--------▲
Total Root
-  ~o
C o n s ta n t  S o i l  T em p e ra tu re °C
1 4Figure 8.3. Translocation of C-labelled photosynthate to the shoots 
and roots of intact seedlings at d ifferent a ir and soil 
temperatures. Lines connect treatments of the same 
experiment. 'A' indicates soil temperature the same as 
a ir temperature.
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Under the highest a i r  temperature (30°/20°C) so i l  temper­
atures o f  15°C to 30°C made no great d i f fe rence  to the amount of 
14C-photosynthates translocated to the roots but a greater  proport ion 
of 14C occurred in new roots at so i l  temperatures o f  20°C and 25°C.
b) In ta c t  Seedlings 
14The proport ion o f  C-assimi1ates accumulated by roots o f  
i n t a c t  seedl ings was also high at the low a i r  temperature (Tables 8.5 
and 8 .6 ) .  At the high a i r  temperature (30°/20°C) t rans loca t ion  to the 
roots was s l i g h t l y  reduced, though not s i g n i f i c a n t l y ,  by a so i l  
temperature o f  30°C.
In te re s t i n g ly ,  in new roots (Appendix VI) there is  a greater  
accumulation o f  ^4C-photosynthates a t  the lower than at the higher 
so i l  temperatures under the 15°/5°C, 25°/15°C and 30°/20°C a i r  temper­
atures.  For example, under the 25°/15°C a i r  temperature, greater
14 oC-accumulation occurred at the 10 C so i l  temperature than any other.
8.4 EFFECT OF VARIOUS AIR AND SOIL TEMPERATURES ON NEEDLE DESICCATION 
AND RELATIVE NEEDLE WATER CONTENT OF SEEDLINGS
8.4.1 Mater ia ls  and Methods
8.4.1.1 Needle Desiccation
The two root-pruned seedl ings used fo r  photosynthesis measure­
ment a t  each so i l  temperature in Experiments 4 to 13 (Chapter 7) were 
also used f o r  determinat ion o f  stem and branch needle des iccat ion.
In ta c t  seedl ing needles did not desiccate. At harvest ,  a l l  dr ied 
needles or needle t i p s  were removed from the seedl ings. Primary 
needles o f  the stem and branches were usual ly  t o t a l l y  d r ied ,  but,  only 
the por t ion  c losest to the needle t i p  was desiccated on secondary 
needles. The port ions of green needle and dr ied needle o f  the stem and 
branch leaves were oven-dried separately and weighed. Per cent needle 
des iccat ion was determined fo r  stem and branch leaves on a dry weight 
basis as fo l lows:
ND = GN x 100 
GN+DN
where ND = needle desiccat ion in per cent.
GN = oven dry weight o f  green needle in grams.
DN = oven dry weight o f  dr ied needle in grams.
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8.4.1.2 Relative Water Content of Needles (RNWC)
The relative water content of needles (Clausen and Kozlowski, 
1965) was calculated for intact and root-pruned seedlings in each soil 
temperature treatment in Experiments 4 to 13 (Chapter 7) as follows:
RNWC = FN - DN x 100
SN - DN
where RNWC = relative water content of needles in per cent
F N fresh weight of whole needle in grams.
DN oven dry weight of whole needle in grams.
SN saturated weight of whole needle in grams.
RNWC measurements were made, a) on intact seedlings prior to root- 
pruning and placing the seedlings into the various treatments, 
b) after one week at the various soil temperatures and c) at the 
harvest, after three weeks at the various soil temperatures. Three 
fascicular needles were selected from each of two randomly selected
I
seedlings at each measurement time. Needles were selected at mid­
height of the seedlings at least two hours after morning watering. 
Desiccated needle portions were not removed in determining RNWC of 
root-pruned seedlings. The values recorded for these seedlings, 
therefore, were not solely the result of temperature, rather, temper­
ature plus needle desiccation.
Fresh weight was obtained by weighing needles immediately 
after removal. Needles were then placed on end in test-tubes 
containing small amounts of dist i l led water. The test-tubes were then 
securely plugged and needles allowed to saturate under low light at 
room temperature.
After 24 hours the needles were removed from the test-tubes, 
dried quickly with absorbent paper and weighed. After the saturated 
needles were dried for at least 24 hours, oven dry weights were 
measured and RNWC calculated.
8.4.2 Statistical Analysis
Differences in ND and RNWC between treatments were compared 
using Duncan's multiple range test or Student's t - te s t .  No comparisons 
were made between the various experiments or between the intact or 
root-pruned seedlings. The results of the analyses for percentage stem 
and branch needle desiccation are presented in Appendix VIIA.
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The measurements of RNWC were analysed two ways, (i) to 
determine the differences in RNWC between the soil temperature trea t­
ments at one and three weeks after treatment and (i i) to determine 
the change in RNWC with time for each soil temperature. The results 
of the analyses of (i) and (i i )  are presented in Table 8.9 and Appendix 
VIIB respectively.
8.4.3 Results
8.4.3.1 Needle Desiccation
The percentage needle desiccation of the stem and branch 
needles are summarized in Table 8.7 and 8.8 respectively. Low air 
temperature (15°/5°C), regardless of soil temperature, resulted in the 
least proportion of dried needles (Figure 8.4). Increasing air 
temperature substantially increased desiccation, with the greatest 
proportion of dried needles found under the 25°/15°C air temperature 
regime.
Soil temperature had a major influence on the proportion of 
needles desiccated regardless of air  temperature. Low soil temperatures 
of 10° and 15°C under the 25°/15°C air temperature and of 15° and 20°C 
under the 30°/20°C air temperature resulted in significant increases 
in needle desiccation. The proportion of dried needles at a soil 
temperature of 15°C under the 30°/20°C air  temperature was almost 
double that found at soil temperatures of 25°C. But, despite this 
loss of green needle weight (over 50%), net photosynthesis for these 
seedlings was high.
High air temperatures (25°/15°C, 30°/20°C) combined with 
high soil temperatures also increased needle desiccation and soil 
temperatures above 30°C increased desiccation markedly. The lowest 
proportion of desiccation tended to occur at soil temperatures where 
the soil heat sum was more or less equivalent to the air heat sum 
(see Tables 8.7 and 8.8).
8.4.3.2 Relative Water Content of Needles (RNWC)
Marked differences were found in RNWC of both intact and 
root-pruned seedlings after the f i r s t  and third week under various 
air and soil temperatures (Table 8.9). Changes in RNWC also occurred 
at each soil temperature with time (Appendix VIIB). The results for 
root-pruned and intact seedlings are presented separately.
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Table 8.7 Percentage stem needle desiccat ion o f  root-pruned seedl ings 
three weeks a f t e r  rep lan t ing  under various a i r  and so i l  
temperatures. Values are means o f  2 rep l ica tes .
Soi 1
Temper-
ature(°C)
Dai ly  Heat Sum 
o f  the Soil 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15, 20, 25, 30,
75 710 71 5 7 20
5 120 22.41
10 240 27.81 65.00 70.28
15/5 280 19.53
15 360 27.50 35.79 63.25 57.26
20/10 400 51.93
20 480 23.29 51.82 47.84,41.08 50.99
25/15 520 46.82
25 600 45.10 50.24,41.44 29.44,36.68
30/20 640 26.83
30 720 38.55 41.24,34.91
35 840 51.75 47.18
40 960 59.62
187
Table 8.8 Percentage branch needle desiccat ion of root-pruned seedl ings 
three weeks a f te r  rep lan t ing  under various a i r  and so i l  
temperatures. Values are means o f  2 re p l ica te s .
Soi 1
Temper-
ature(°C)
Dai ly  Heat Sum 
o f  the Soil 
(degree-hours)
Ambient Day/Night A i r  Temperature (°C)
15, 20, 25 30
75 710 715 720
5 120 13.33
10 240 32.50 60.10 59.88
15/5 280 20.21
15 360 22.38 15.02 49.80 56.07
20/10 400 48.12
20 480 14.20 46.10 46.75,39.84 40.77
25/15 520 50.72
25 600 35.92 46.70,21.12 27.22,39.90
30/20 640 30.32
30 720 24.32 37.42,36.16
35 840 44.60 40.0
40 960 61.70
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80- Branch N e e d l e
D a y / N i g h t  A i r  Temperature
15/5°C • ------ •
20/10°C
25/15°C O  -- -O  
30/20°C a------ a
10 15 20 25 30
C onstant '  So i l  T em p e ra tu re °C
Figure 8.4. Percentage stem and branch needle desiccation of root- 
pruned seedlings, three weeks a fte r replanting under 
various a ir and soil temperatures. Lines jo in  
treatments of the same experiment. 'A' indicates 
soil temperature the same as a ir temperature.
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Table 8.9 Relative water content o f  needles o f  in ta c t  and root-p runed seedlings a f t e r  one week and three weeks 
under various a i r  and so i l  temperatures. Bracketed values ind ica te  so i l  temperatures in °C.
'A ' represents s o i l  temperatures the same as a i r  temperatures.
A. ROOT-PRUNED
Experiment
Number
Day/Night Relative Needle Water Content ( % ) '
Temperature(°C) I n i t i a l  ( In ta c t )  Measurement A f te r  one week A f te r  three weeks
4 15/5 85.9 84.7 85.9 88.6 85.9 86.4 86.4
(A) (10) (15) (15) (A) (10)
5 15/5 90.6 87.6 89.2 82.7 85.3
(20) (5) (20) (5)
6 20/10 86.6 73.2 75.8 85.5 71.3 77.9 78.6
(10) (15) (A) (10) (15) (A)
7 20/10 86.9 87.0 88.7 87.7 89.6
(20) (25) (20) (25)
8 20/10 89.3 76.9 82.8 71.6 74.8
(20) (25) (25) (20)
9 25/15 89.9 74.3 76.3 76.8 80.0 82.70 64.6 70.8 78.8 80.0 80.5
(15) (20) (10) (25) (A) (15) (10) (A) (25) (20)
10 25/15 88.0 74.4 79.6 79.7 81.2 78.1 79.. 8 80.5 83.2
(20) (30) (35) (25) (25) (30) (35) (20)
11 25/15 85.9 69.2 74.9 75.9 74.9 76.8 77.9
(25) (A) (20) (A) (20) (25)
12 30/20 88.7 69.7 69.9 73.4 75.7 76.6 65.7 71.2 75.2 75.5 31.4
(15) (20) (30) (25) (A) (15) (20) (25) (30) (A)
13 30/20 86.9 79.2 80.2 82.6 82.9 73.0 74.0 74.5 79.0
(25) (30) (40) (35) (40) (30) (25) (35)
B. INTACT
4 15/5 85.9 85.7 87.7 90.5 86.6 90.7 91.4 “ I
0 0 ) (A) 0 5 ) 0 0 )  (A) 0 5 )
5 15/5 90.6 87.8 91.7 85.5 90.0
(5) (20) (5) (20)
6 20/10 86.6 84.1 86.6 90.6 87.2 87.6 91.1
(10) 0 5 ) (A) (10) (A) (15)
7 20/10 86.9 85.1 85.2 85.1 86.7
(25) (20) (25) (20)
8 20/10 89.3 84.0 86.3 85.9 86.0
(25) (20) (20) (25)
9 25/15 89.9 85.3 86.8 87.1 87.7 88.0 83.2 84.0 84.2 84.2 84.9
(10) (15) (A) (20) (25) (10) (25) (20) (A) 0 5 )
10 25/15 88.0 86.0 86.6 86.6 88.6 86.7 87.1 89.3 89.7
(20) (30) (35) (25) (30) (35) (20) (25)
11 25/15 85.9 85.0 86.0 87.3 86.6 87.3 87.6
(25) (20) (A) (A) (20) (25)
12 30/20 88.7 83.2 8 4 . 1 85.6 85.8 86.5 83.2 84.0 84.9 85.4 86.4
(15) (20) (30) (A) (25) (15) (20) (A) (25) (30)
13 30/20 86.9 85.5 87.4 87.8 88.7 80.2 84.4 88.4 89.5
(25) (35) (30) (40) (25) (35) (30) (40)
1 Mean value o f  6 re p l ica te s .
Note: Horizonta l l ines j o in  treatment means tha t are not s i g n i f i c a n t l y  d i f f e r e n t  at the Pq q,. s ign i f icance
level according to  Duncan's m u lt ip le  range tes t  or Student's t - t e s t .
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a) Root-Pruned Seedlings
In Appendix VIIB resul ts show that  s ig n i f ica n t  decreases in 
RNWC occurred in seedlings a f te r  pruning at ambient a i r  temperatures 
of 20°/10°C and above. Reductions in RNWC were re la t i v e ly  minor at 
the low a i r  temperature (15°/5°C). A f te r  one week at a l l  of the 
higher a i r  temperatures, low soi l  temperature (10°C, 15°C) resulted 
in low RNWC values and the warmer so i ls  (above 15°C) resulted in 
higher values (Table 8.9). At the highest a i r  temperature (30°/20°C) 
root-pruned seedlings at the higher soi l  temperatures of  35°C and 40°C 
had high RNWC values, only a few percentage points less than the 
or ig ina l  values before root-pruning.
A f te r  three weeks the differences in RNWC between treatments 
were s t i l l  evident and l i t t l e  changed. Some estimates, changed 
markedly, but these were not consistent and could only be a t t r ibu tab le  
to sampling errors. Only at the 30°/20°C a i r  temperature and at the 
higher so i l  temperatures between 25°C and 40°C was there a c lear trend 
towards somewhat lower RNWC values, values more in l ine  with a l l  of the 
other a i r  regime values. The trend towards lower RNWC at low soi l  
temperatures was, i f  anything, more marked.
b) In tac t  Seed!ings
A f te r  one week there were dif ferences in the RNWC of  seed­
l ings between treatments. That i s ,  there was a tendency fo r  lower 
RNWCat the lower soi l  temperatures, a trend which was s t i l l  evident 
at the end of three weeks.
8.5 SUMMARY OF RESULTS 
8.5.1 Net Photosynthesis
( i )  The rates of  photosynthesis of in tac t  seedlings were higher 
than fo r  root-pruned seedlings.
( i i )  At low to medium a i r  temperatures (15°/5°C, 20°/10°C, 25°/15°C) 
there was a trend of increasing photosynthesis with increasing soi l  
temperature fo r  both in tac t  and root-pruned seedl ings, with the highest 
values in so i ls  with a heat sum more or less equivalent to the a i r
heat sum.
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( i i i )  Under the 25°/15°C and 30°/20°C a ir temperatures, photo­
synthetic rates of intact and root-pruned seedlings continued at 
high rates at soil temperatures of 30°C and 35°C.
(iv) A soil temperature of 40°C reduced photosynthesis of a ll 
seedlings, but more drastically in root-pruned than in intact seedlings.
8.5.2 Translocation of Photosynthates
( i)  Root-pruning seedlings reduced the accumulation of photo­
synthates in the roots markedly in comparison to intact seedlings.
( i i )  More was translocated to the roots at low a ir temperature 
regardless of soil temperature.
( i i i )  Low soil temperature under the 15°/5°C, 20°/10°C and 25°/15°C 
a ir temperature reduced the proportion of photosynthates accumulated
in the roots.
(iv) At a high soil temperature of 35°C under a 25°/15°C a ir  
temperature s ignificant translocation of ^C-assimi 1 ates to the roots 
occurred even though very few roots developed.
8.5.3 Needle Desiccation and Relative Water Content of Needles
( i)  Needle desiccation (stem and branch needles) of root-pruned 
seedlings was lowest under the low a ir  temperature regime (15°/5°C).
( i i )  Low soil temperature combined with high a ir temperature 
increased needle desiccation.
( i i i )  High soil temperature combined with high a ir temperature 
increased needle desiccation.
(iv) Generally, medium soil temperatures where the heat sums were 
more or less equivalent to the a ir  heat sum showed the least desiccation.
(v) Root-pruning resulted in reductions in relative water content 
of the needles (RNWC) but more so under high a ir  temperatures.
(vi) RNWC of both intact and root-pruned seedlings were lower at 
low soil temperatures and high at the medium to high soil temperatures 
under a ll a ir  temperatures.
8.6 DISCUSSION
The results indicate that variations in both a ir and soil 
temperature had important effects on the rate of photosynthesis, on the 
translocation of photosynthates and on the water relations of the 
seedlings.
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Within the lower range of the a i r  temperatures tested 
(15°/5°C - 25°/15°C) the rate of photosynthesis increased with 
increasing soi l  temperature. This was true fo r  both in ta c t  and root- 
pruned seedlings. However, at the higher a i r  temperatures there was 
l i t t l e  influence of  soi l  temperature, apart from the depressing e f fec t  
of the highest soi l  temperature o f  40°C. Thus photosynthesis may be 
near optimal at almost any point  wi th in the medium soi l  temperature 
range (15°C to 30°C). Studies by a number of authors have shown that 
high rates o f  photosynthesis fo r  many conifers occur w i th in th is  soi l  
temperature range (Babalola e t  a l . ,  1968; Vogl e t  d l . ,  1972; Rook 
and Hobbs, 1975; Abod, 1977). The most favourable a i r  temperatures 
fo r  photosynthesis were also found to l i e  w i th in  th is  same range, 
consistent with previous f indings fo r  the species by Wood and B r i t ta in  
(1973).
A strong corre la t ion between current photosynthate production 
by the shoot and root elongation has been shown by Wassink and 
Richardson (1951), Richardson (1953a,b, 1956), Eliasson (1968) and 
Webb (1976). These researchers have found that any change in the 
environment of the shoot which causes a change in the rate of photo­
synthesis, including temperature and l i g h t  in te n s i ty ,  has a commensurate 
e f fec t  on the rate of root elongation and growth. These reported 
f indings together with rates of photosynthesis observed in th is  study 
suggest that  the greater elongation and growth of roots noted in 
Chapter 7 is  related to near optimal photosynthesis at these temperatures.
The observed differences in the rates of photosynthesis 
between in ta c t  and root-pruned seedlings was not surpris ing. The 
severing of  the roots must resu l t  in a gross physiological change in 
the seedl ings. Humphries and Thorne (1964) and Abod (1977) have 
reported that root severence reduces photosynthesis in plants.
The present observations were made only at one point in time, 
three weeks a f te r  the roots were pruned. Given that f u l l  
recovery of  photosynthetic a c t i v i t y  would gradually occur i t  
would be in te rest ing  now to observe the time course of th is  recovery.
Three weeks a f te r  pruning many new roots had developed but photosyn­
thesis was s t i l l  low. I t  could be very low indeed immediately a f te r  
root-pruning. These questions re la t ing  to recovery of photosynthesis 
are explored fur ther  in the next chapter.
Of the a i r  temperatures examined, more photosynthate 
accumulated in the roots under the lowest a i r  temperature (15°/5°C)
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where shoot growth was l im i ted .  These results are in agreement with 
other work which has shown that the root system is a major sink fo r  
photosynthates produced when shoot a c t i v i t y  has declined (Mochizuki 
and Hanada, 1957; Nelson,1964; P r ies t ley ,  1964; Hansen, 1967; Gordon 
and Larson, 1968; Quinlan, 1969; Schier, 1970; Jenkins, 1975; Rook 
and Hobbs, 1975). The increased stem diameter at th is  low a i r  temper­
ature suggests, however, that a l l  food was not channelled to the roots
as a s ig n i f ica n t  amount is apparently diverted in to  stem cambial
14growth. The proportion of C accumulated in the branches was low, also
suggesting preferent ia l  d is t r ib u t io n  to the stem.
14The greatest accumulation of C-photosynthate in the roots 
occurred at soi l  temperatures ranging between 15°C and 30°C under the 
a i r  temperatures examined. High photosynthesis rates and translocation 
of assimilates to the roots are in agreement with the observed increase 
in root growth at these temperatures. Research on translocation in 
re la t ion to a i r  and soil  temperature is general ly not precise (Nelson, 
1963; Wardlaw, 1968). However, there is evidence from work by Burr 
e t  a l .  (1958) with sugar cane, Vinokur (1957) with leaves of lemon 
trees and Fujiwara and Suzuki (1961) with barley, that translocation 
is d ra s t ica l ly  reduced by low soi l  temperature, and enhanced at higher 
soi l  temperatures. The resul ts  of th is  study conform with the 
f indings of these researchers.
Wardlaw (1968) in his review of the control and pattern of 
movement o f  carbohydrates in plants pointed out there is  l i t t l e  in d ic ­
ation in most work whether the optimal temperature fo r  translocation 
ever d i f fe rs  from that fo r growth. Although the present results 
support th is  view, certain exceptions were noted. Poor root growth 
at a high a i r  and soi l  temperature (25°/15°C, 35°C), fo r  example, 
occurred where the rate of photosynthesis and translocation to the 
roots was high. An accumulation of photosynthates to the roots c lear ly  
took place but there was apparently some i n a b i l i t y  to use them fo r  
growth. Rates of respirat ion of plants increase with increasing a i r  
and soi l  temperature (Kramer, 1962; Pharis, 1966; Rook, 1969c; Cooper, 
1973; Rook and Hobbs, 1975; Abod, 1977) and large amounts of photo- 
synthate can be lo s t  from the plant through respirat ion (Baker, 1950; 
Möller, 1954; Kozlowski and Winget, 1964; Kozlowski and Genti le, 1968; 
Gordon and Larson, 1968; Ursino e t  a l . 3 1968). Respiration of the 
meristematic region of elongating root t ips  of trees is higher than 
most other tissues (Kramer and Kozlowski, 1960). The one pa r t icu la r
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result noted above was quite conceivably the result of excessive 
respiration in the root zone at soil temperatures as high as 35°C.
A number of other results at the higher soil temperatures of 30°C and 
above under the highest air temperature were no doubt influenced in a 
si mi 1ar way.
The increased content of roots at the low air temperature 
and in the new root tips of seedlings at low soil but warm air temper­
atures is evidence that utilization of photosynthates through respir­
ation was retarded at low temperature, a metabolic process now widely 
recognized (e.g. Kramer, 1940; Negisi, 1966).
The active shoot growth of seedlings at the high air and soil 
temperature indicates there was competition between the root and shoot 
for available photosynthates. Large numbers of branches [o.  12) 
actively growing on seedlings at this temperature resulted in the 
greater proportion of photosynthates being accumulated in the branches 
of seedlings, leaving less material available for root growth.
The relatively small proportion of ^C-photosynthates found
in the roots under higher air temperature should be viewed cautiously
in relation to other temperatures. There is some evidence that after
long periods of photoassimilation, decreased content could be due
to losses from the roots through respiration, root exudation or through
redistribution of current photosynthates from the roots to the rest
of the plant (Pristupa and Kursanov,l957; Ursino e t  a l . 3 1968). This
14emphasizes the fact that any analysis of total C in the root after 
long periods of time following assimilation reveal only net
translocation. Perhaps one of the greatest problems in this kind of 
study is attempting to assess the magnitude of total ^C-photosynthate 
translocated to the root, as differences in rates of respiration occur 
not only with different plant tissues but with different temperature 
treatments.
A most striking result of the translocation study was the far 
14greater proportion of C-photosynthate translocated to the roots of 
intact seedlings in comparison to root-pruned seedlings. For active 
root growth to get under way not only must photosynthesis be restored 
but also normal translocation rates of photosynthates must be restored. 
Only about half of what could be interpreted as normal translocation 
of photosynthates to roots in intact seedlings took place in root- 
pruned seedlings during the three week observation period. Reduced 
meristematic activity in these P. ra d ia ta seedlings must be one i f ,
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not the major cause of  the reduced translocation. I t  is known that 
roots exert an influence on the translocation process, act ing as accept­
ors of assimilates (Nelson and Gorham, 1959; Starck, 1964; Shiroya et a l . 3 
1S68) and that the translocation of photosynthates to the root is much 
affected by the weight of the roots present (Nelson and Gorham, 1957; 
Nelson, 1962). Excision of roots and poor root development have been 
shown to cause a decrease in the accumulation of label led photosynthates 
in the roots, a s im i la r  response to that observed in th is  study. The 
d is t r ib u t io n  pattern of  assimilates a f te r  root-prun ing, however, might 
have been altered due to other factors such as reduced photosynthesis, 
possible leakage of radioactive substances a f te r  root-pruning or more 
d i r e c t l y  by the e f fec t  of water stress on the conduction of assimilates 
(Starck, 1964; Wardlaw, 1968).
Very s ig n i f ic a n t  needle desiccation and lower re la t ive  
water contents of needles in root-pruned seedlings especia l ly under 
warm a i r  temperatures indicated seedlings were under some moisture 
stress. There is ample evidence that under such moisture stress there 
is a reduction in the rate of  movement of assimilates out o f  the photo­
synthetic t issue, th is  question is well reviewed by Wardlaw (1968).
As needle desiccation was evident three days a f te r  root- 
pruning the amount of desiccation measured would be a re f le c t io n  of 
th is  i n i t i a l  d isrupt ion of seedling moisture status rather than that of 
the plant at harvest. The dif ferences in needle desiccation observed 
possibly re f le c t  the actual imbalance between absorption and trans­
p i ra t ion  rates of seedlings under the various temperature regimes. 
A l te rn a t ive ly ,  these differences might have been the resu l t  of plant 
recovery under various temperature regimes fol lowing pruning. Within 
the optimum temperature range shoot growth and needle elongation are 
greater, consequently, at the end of  three weeks when needle 
desiccation was measured the values obtained would re f le c t  th is  
increased growth. Results in a la te r  study support th is  hypothesis.
A combination of low soi l  temperature and higher a i r  temper­
atures (20°/10°C - 30°/20°C), resulted in the heaviest needle desiccation 
and lowest re la t ive  water content o f  needles. Water uptake is  reduced 
at low soi l  temperatures (Kramer, 1940; 1942; 1956; Cameron, 1941;
Ashby, 1960; Kuiper, 1964, 1972; Cooper, 1973; Kaufmann, 1975, 1977) and 
plants from a warm environment show a greater reduction in water up­
take due to low soi l  temperature than plants grown under cooler 
conditions (Kramer, 1942, 1956; Kozlowski, 1943; Kuiper, 1964). Such
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reduced water uptake would consequently result in reduction in leaf 
water potential and a leaf water de f ic it  as observed in this study. 
Furthermore, many authors for example, Kriedemann (1971), Hinckley 
and Richie (1973), Mederski et al. (1975), Turner and Jarvis (1975) 
and Khairi and Hall (1976) indicate that water de fic its  in the plants 
cause stomatal closure and this leads to reduced photosynthesis. The 
reduced rates of photosynthesis, translocation and poor root growth 
observed at low soil temperatures under the 15°/5°C, 20°/10°C and 
25°/15°C a ir  temperature regimes are most l ike ly  a function of this 
reduced water status.
Within the range of soil temperatures from 20°C to 30°C 
root-pruned seedlings had the lowest needle desiccation and both root- 
pruned and intact seedlings maintained re la tive ly  high needle turgid- 
i t ie s .  Also within this range the rates of photosynthesis, translocation 
of photosynthates to the roots, root regeneration potential and shoot 
growth were optimal.
I t  is not known at this stage how root-pruning per se 
affects the various physiological processes. Differences in moisture 
status of most seedlings as time progressed does indicate some changes 
were occurring. Work by van Dorsser (1969a, Rook (1969a,b, 1971) and 
van Dorsser and Rook (1972) has indeed shown that physiological 
adjustments do occur in P. radiata seedlings when root systems are 
disturbed by wrenching. This question is further explored in the 
next chapter.
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CHAPTER 9
AN EXAMINATION OF THE PHYSIOLOGICAL RECOVERY OF SEEDLINGS 
IN THE PERIOD IMMEDIATELY FOLLOWING ROOT-PRUNING
9.1 INTRODUCTION
I t  has now been shown t h a t  shoot growth and ro o t - re g e n e ra t io n  
p o te n t ia l  o f  roo t -p runed seedl ings o f  P. v a d ia ta  respond d i f f e r e n t l y  
to  v a r i a t i o n s  in  some environmental  f a c to r s .  In a l l  o f  these s tud ies  
the e f f e c t s  were assessed th ree  to  f o u r  weeks a f t e r  the seed l ings were 
roo t -p runed .  A number o f  quest ions  can be posed, f o r  example:
a) what are the immediate e f f e c t s  o f  roo t -p ru n in g  on the 
p h y s io lo g ic a l  processes o f  the seedl ings?
b) given a c e r t a in  set  o f  environmental  co n d i t io n s  how long 
does i t  take f o r  seed l ings to  recover f rom the i n i t i a l  shock o f  r o o t -  
pruning?
c) what are the ph y s io lo g ic a l  processes most e f fe c te d  by the 
pruning trea tment?
This f i n a l  sec t ion  o f  the study was c a r r i e d  out to  exp lore  these 
ques t ions .  The exper iment was conducted over a t h i r t y - t w o  day per iod 
f o l l o w in g  r o o t -p r u n in g ,  a t  which t ime a number o f  p h y s io lo g ic a l  
processes such as pho tosyn thes is ,  r e s p i r a t i o n ,  stomatal  behaviour and 
water r e l a t i o n s  were examined under favourab le  environmental c o n d i t io n s .
9.2 MATERIALS AND METHODS
Eigh ty  seedl ings (seed o r i g i n :  Yarra lumla ,  A .C .T . )  were
ra ised  a t  CERES phy to t ron  in  an open glasshouse run a t  a 21°C day and 
16°C n ig h t  temperature .  When 157 days o ld ,  f o r t y - f o u r  seed l ings  were 
c a r e f u l l y  se lec ted f o r  u n i f o r m i t y  in  s iz e ,  and roo t -p runed ( f o r  
d e t a i l s  see Chapter 3 ) .  Root systems were pruned to  21 cm from the 
cotyledons and any remaining wh ite  r o o t  t i p s  were pinched o f f .  The 
pruning was completed over a per iod o f  two days. A f t e r  being ro o t -  
pruned each seed l ing was re p o t te d ,  the shoot secured w i th  a stake and 
the pots were re tu rned to  the glasshouse. At t h i s  t ime,  seedl ings 
were d iv ided  i n t o  groups assigned to  var ious  harvest  dates.
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The growth response of root-pruned seedlings was measured at 
in terva ls  over a th i r ty - tw o  day period. Seven harvests were made. The 
harvest dates and the number of seedlings harvested are presented in 
Table 9.1. The diameter and height measurements of seedlings assigned 
to each harvest are included in the table and i l l u s t r a t e  the un iformity 
of the experimental material avai lable.
Table 9.1 Harvest dates and number of seedlings harvested. The 
mean i n i t i a l  diameter and height of seedlings at each 
harvest are presented.
Harvest date 
(days a f te r  root- 
pruning)
Number of 
seedlings 
harvested
I n i t i a l  diameter 
(mm)
I n i t i a l  height 
(cm)
8 8 7.91 38.60
12 4 7.11 36.50
16 8 7.77 34.88
20 4 7.07 37.40
24 8 7.87 37.60
28 4 7.19 37.30
32 8 7.90 36.74
During the study the fo l lowing observations were made:
a) Root Regeneration Potential  and Shoot Growth
Root regeneration potential  fo r  each seedling included in 
the harvest was determined on the basis of the numbers of new white 
roots > 0.1 cm (GT), > 1.5 cm (LR), 0.1-1.4 cm (SR) and the to ta l  (TL) 
and average (AL) lengths of a l l  new roots. Diameter and height were 
measured; increment, re la t i v e  rates of diameter and height growth were 
calculated; the f in a l  dry weight of shoot, regenerated root and to ta l  
root and root:shoot ra t io  were determined.
b) Water Potential  of Seedlings
Leaf and xylem water potential  were measured with a pressure 
bomb in the manner described by Scholander et a l .  (1965), Pierpoint 
(1967), Waring and Cleary (1967). Leaf water potential  was measured
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on in tac t  seedlings and then at 1 , 2 ,  5, 8, 16 and 20 days a f te r  root- 
pruning. Xylem water potential  was measured on in tac t  seedlings and 
at each harvest. Needles only were used in determining the water 
status during the f i r s t  days a f te r  root-pruning as the pressure bomb 
technique requires destruct ive sampling of whole seedlings. Measure­
ments were made on single needle fasc ic les selected at mid-height of 
randomly chosen seedlings. Six determinations were made at each 
measurement time.
At each harvest, whole seedlings were used fo r  xylem water 
potentia l  estimations. Only the upper 20 cm of stem could be included 
in the bomb. Five repl icates were taken at 8, 16, 24 and 32 days 
a f te r  root-pruning, four repl icates only at 12, 20 and 28 days a f te r  
root-pruning.
c ) Relat ive Turg id ity
The re la t ive  tu r g id i t y  ( re la t ive  water content of needles) 
was determined at each harvest using the same procedure and formula 
as described in Chapter 8 (Section 8 .4 .1 .2 ) .  For each determination, 
six fasc icu la r  needles were selected at mid-height from randomly chosen 
seedlings. Al l  dried needle t ips  were excluded from the weight 
measurements.
d) Per cent Needle Desiccation
Total needle desiccation was determined from four seedlings 
at each harvest, using the method described in Chapter 8 (Section 8.4.1*1).
e) Stomatal Resistance
The response of stomatal resistance (aperture) to root-  
pruning over time was measured with a ven t i l la ted  d i f fus ion  porometer 
(Turner and Parlange, 1970; Waggoner and Turner, 1971). The porometer 
registers the vapour d i f fus ion  from the needle surface, thus, the 
resistance measured is a combination of the stomatal and cu t icu la r  
resistances. But, since most of the d i f fus ion  occurs through the 
stomatal pores, the resistance w i l l  be referred to as stomatal 
resistance.
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Ten, three-needled fascic les were used in the determinations 
of stomatal resistance fo r  in tac t  seedlings and fo r  seedlings 1, 2, 5,
8, 12, 16 and 20 days a f te r  root-pruning. Needles were chosen at mid­
height of seedlings. For each measurement, each fasc ic le  was inserted 
3.5 cm into  the ac ry l ic  chamber of the porometer. Any desiccated 
needle t ips  were removed p r io r  to measurement. The cut end was dipped 
into petroleum j e l l y  to prevent excessive water loss. Estimations of 
the volumes of the needle portions used in the measurements were made 
using a volumetric cycl inder.  Needle area was determined from the 
volumes measured, as described by Wood (1969, 1971) fo r  P. rad ia ta .
f ) Rates of Transpirat i  on of Excised Needles
Rates of stomatal and cu t icu la r  t ranspira t ion of excised 
needles were measured on in ta c t  seedlings and seedlings at 8, 16, 24 
and 32 days a f te r  root-pruning. Determinations were made grav imetr ica l ly  
(Jarvis and Jarv is , 1963; Bannister, 1964).
Fascicular needles were removed from mid-height of the 
seedl ings, placed with th e i r  cut ends in water in sealed test-tubes 
and l e f t  fo r  24 hours under low l i g h t  to a t ta in  f u l l  t u r g id i t y .  By 
beginning at f u l l  water satu ra t ion, the method el iminates any non­
speci f ic  e f fec t  of water balance (temporary da i ly  or permanent water 
d e f i c i t ,  hydroactive closing of stomata), so that  d i f fe re n t  plants are 
compared under the same conditions (S lavik , 1974). The needles were 
removed from the test-tubes, the desiccated t ips  removed i f  any, 
dried quickly with absorbent t issue and weighed on a torsion balance.
This weight was taken as the saturated weight. The needles were then 
placed side by side on a sarlon c loth support frame, in a growth 
cabinet maintained at approximately 25° ± 0.5°C temperature, 55 ± 2% 
re la t ive  humidity and 572yEm ^sec (2700 f . c . )  l i g h t  in tens i ty .
Needles were allowed to transpire over a period of 240 minutes - being 
weighed pe r iod ica l ly  on a torsion balance. Weighings were made at ten 
minute in te rva ls  at the s ta r t  and gradually reduced in frequency 
towards the end of the experiment.
Six determinations were made at each measurement time. At 
the end of the experiment, the needles were oven-dried and th e i r  dry 
weight determined so that the change in re la t i ve  tu r g id i t y  ( re la t ive  
water content) with time could be plo tted. Relat ive tu r g id i t y  was 
calculated as previously described in Chapter 8 (Section 8.4 .1 .2 ) .
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The technique also gives re l ia b le  estimates of the re la t ive  
tu r g id i t y  at which stomatal closure occurs. However, because of the 
d i f f i c u l t y  in determining stomatal closure precisely and quan t i ta t ive ly  
from a simple p lo t  of re la t ive  tu r g id i t y  and time, an a rb i t ra ry  point 
in the closing phase was determined by extrapolat ing to th e i r  i n te r ­
section the s t ra igh t  l ine  portions of a semi-logari thmic p lo t  of 
changing re la t ive  tu rg id i t y  with time (Jarvis and Jarv is ,  1963). Such 
intersections were determined fo r  each needle, thus making a quant i­
ta t ive  comparison possible.
g) Rates of Net Photosynthesis and Dark Respiration
The rate of photosynthesis and dark respirat ion was measured 
fo r  three seedlings at each harvest. The values were expressed in 
terms of green and to ta l  needle dry weight. In addit ion,photosynthesis 
and resp ira t ion of three seedlings was measured pr io r  to root-pruning 
and thereaf ter  on the f i r s t ,  second, f i f t h  and eighth day a f te r  root- 
pruning. Net photosynthesis and resp ira t ion  were calculated as mgCO^ / 
g/hr (see Chapter 3, section 3.5.1.1) on the basis of to ta l  dry weight 
of needles at day 8. This dry weight was used in ca lcu la t ing gas 
exchange rates at day 1 to 5 assuming that the change in dry weight 
during the eight days was neg l ig ib le .
Al l  gas exchange measurements were made by in f ra-red gas 
analysis as detai led in Chapter 3 (section 3 .2 .3) ,  from 1100 to 1400 
hours and at least 1-1V 2 hours a f te r  thorough watering. Net photo­
synthesis measurement took place at a temperature of 21°C under a l i g h t  
in tens i ty  of approximately 735yEm sec (3500 f . c . ) .  A fter measure­
ment each seedling was placed in to  a darkened LBH growth cabinet run 
at 16°C. When a l l  photosynthesis measurements were complete, dark 
respirat ion was then measured fo r  each seedling at a temperature of 16°C.
Because the seedlings were quite t a l l  ( c .37 cm) i t  was not 
possible to include the en t i re  shoot in the assimilat ion chamber. Only 
the terminal 20 cm was used in gas exchange determination. A 4 to 5 cm 
segment of stem was cleaned of needles immediately below the 20 cm 
point and the stem rubbed with petroleum j e l l y  to prevent any possible 
water loss. This allowed seedlings to be set up and removed from the 
assimi la t ion chamber rap id ly ,  with minimal damage to the rest of the 
stem and needles.
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9.3 RESULTS
9.3.1 Statistical Analysis
Differences in the various parameters between measurement 
times were compared using Duncan's multiple range test at the 5% level 
of significance.
9.3.2 Root Regeneration Potential and Shoot Growth
The root regeneration potential and shoot growth measured at 
each harvest are presented in Table 9.2. The numbers (GT, LR, SR) 
and lengths (TL, AL) of new roots produced by seedlings increased with 
time (Figure 9.1). The rate of production of new roots was quite low 
until day 20, but, thereafter, the numbers of new roots within the 
various categories increased at an ever increasing rate with time.
Diameter and height growth were both suppressed for the f i r s t  
eight days after root-pruning. Diameter growth remained low until the 
sixteenth day and then some growth continued, probably at a fair ly 
even rate allowing for experimental sampling error, through to the 
thirty-second day. In contrast, height growth picked up markedly at 
the end of eight days and continued at a fairly steady rate through 
to the end of the observation period of thirty-two days.
As was expected, there was a tendency for the final dry 
weight of the seedling's shoot, regenerated root and total root to 
increase with time. Root:shoot ratios showed l i t t l e  change with time, 
as also might be expected over such a short period.
9.3.3 Plant Moisture Status
The changes in xylem and leaf water potential of seedlings 
over time are presented in Table 9.3 and Figure 9.2. The values of 
xylem and leaf water potential both showed l i t t l e  difference in the 
moisture status of seedlings prior to root-pruning and some time after 
root-pruning (Figure 9.2). However, the leaf water potential measure­
ments taken before day 8 decreased from the in it ial  value of -9.27 bars 
in intact seedlings to -11.42 on the f i r s t  day and -13.14 on the fif th  
day after which time the values returned to pre-pruning levels (Figure 
9.2b).
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Table 9.2 Root regeneration potential and shoot growth of seedlings
measured over a thirty-two day period following root-pruning. 
Bracketed values represent the number of days af te r  root- 
pruning.
Parameter Treatment Means
Root Regeneration 
Number of new 38* 100 114* 254 506 700* 888*
roots iO.lcm 
(GT)
Number of new
(8) (12) (16) (20) (28) (24) (32)
1* 2 14* 123 155 233* 410*
roots ^1.5cm 
(LR)
(8) (12) (16) (20) (28) (24) (32)
Number of new 37* 98 100* 131 351 467* 478*
roots 0.1-1.4 
cm (SR)
Length of new
(8) (12) (16) (20) (28) (24) (32)
20.76* 55.32 90.71* 449.88 876.90 1 ,069.35* 1 ,831 .80*
roots ^O.lcm 
(TL) in cm
Average length
(8) (12) (16) (20) (28) (24) (32)
0.52* 0.59 0.59* 1 .45 1.47* 1.78 1 .99*
of new roots 
^O.lcm (AL)
(8) (12) (16) (20) (24) (28) (32)
Diameter and 
Height
In i t ia l  diameter 7.07 7.11 7.19 7.77* 7.87* 7.90* 7.91*
(mm) (20) (12) (28) (16) (24) (32) (8)
Diameter 0.01 0.01* 0.03* 0.28* 0.34 0.37 0.60*
increment (mm) (12) (8) (16) (24) (28) (20) (32)
Relative growth 
rate of diam- 0.0001 0.0001* 0.0003* 0.0015* 0.0016 0.0023* 0.0026
eter
(mm.mnH.day“'*)
(12) (8) (16) (24) (28) (32) (20)
Ini t ial  height 34.88* 36.50 36.74* 37.30 37.40 37.60* 38.60*
(cm) (16) (12) (32) (28) (20) (24) (8)
Height 0.25* 2.01* 2.10 3.28 4.09* 4.62* 5.22
increment (cm) (8) (16) (12) (20) (24) (32) (28)
Relative growth 0.0008* 0.0034* 0.0039* 0.0040 0.0043* 0.0045 0.0045rate of height 
(cm.cnH . d a y l ) (8) (16) (32) (20) (24) (12) (28)
Final Dry 
Weight
Shoot (g) 14.224 16.600* 18.210 18.600* 18.971 20.619* 22.103*
(12) (8) (20) (16) (28) (24) (32)
(Cont'd next page)
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Table 9.2 (Cont'd)
Parameter Treatment Means
Regenerated 
root  (g)
0.006*
(8)
0.016
(12)
0.030*
(16)
0.127
(20)
0.337
(28)
0.363*
(24)
0.716*
(32)
Total root
( g )
4.034
(20)
4.151
(12)
4.620*
(16)
4.738*
(8)
5.332
(28)
5.400*
(24)
6.200*
(32)
Root:shoot
ra t i o
0.23
(20)
0.25*
(16)
0.27*
(24)
0.28*
(32)
0.29*
(8)
0.29
(28)
0.30
(12)
*  Mean o f  8 rep l i ca te s ,  other  values mean o f  4 rep l i ca tes .
Note: Hor izontal  l ines j o i n  means tha t  are not s i g n i f i c a n t l y  d i f f e r e n t
at  Pq (Duncan's m u l t ip le  range t e s t ) .
Le
ng
th
 o
f 
N
e
w
 R
oo
ts
^O
-lc
m
C
205
N um be r  o f Days A f te r  Roo t-Prun ing
2000 '
■1-5 Z  c
N um be r  o f  Days A f te r  Root-Prun ing
Figure 9.1. Root regeneration potentia l  of P. rad ia ta  seedlings
measured over a th i r ty - tw o  day period a f te r  root-prun ing. 
Values at day e ight ,  sixteen, twenty-four and th i r ty - tw o  
are means of eight rep l ica tes.  Other values are means 
of four re p l ica te s .
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Table 9.3 The xylem and leaf water potential of seedlings over a 
period of thirty-two days following root-pruning. 
Bracketed values represent the number of days after 
root-pruning at which measurement was taken. ' I '  
represents measurement of intact seedlings prior to 
root-pruning.
Parameter Treatment Mean^
Xylem Water 
Potential (-bars)
6.01
(32)
7.26
(20)
7.48
(12)
7.60
( I )
7.62
(28)
7.66
(24)
7.69
(8)
8.87
(16)
Leaf Water 
Potential (-bars)
8.85
(20)
9.12
(8)
9.19
(12)
9.27
( I )
10.90
(2)
10.93
(16)
11.42
O )
13.14
(5)
1 Mean of (a) 5 and 4 replicates for xylem water potential at I, 
8, 16, 24, 32 and 12, 20, 28 days respectively.
(b) 6 replicates for leaf water potential.
Note: Horizontal lines join treatment means that are not significantly
different at Pq (Duncan's multiple range test) .
Table 9.4 Relative turgidity of needles measured over a thirty-two 
day period following root-pruning. Bracketed values 
represent the number of days after root-pruning at which 
measurement was taken. ' I '  represents measurement of 
intact seedlings prior to root-pruning.
Relative Turgidity W 1
76.8
(24)
82.1
(12)
82.2
(2)
82.9 8.35 84.5
(20) (32) (8)
84.9 87.3 89.0 89.6
(1) (1) (5) (28)
1 Each value the mean of 6 replicates.
Note: Horizontal lines join treatment means that are not significantly
different at P^  ^  (Duncan's multiple range test).
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Figure 9.2. Xylem water potential (a) and leaf water potential (b) 
measured for P. radiata  seedlings over a thirty-two 
day period following root-pruning.
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As shown in Table 9.4 measurements of needle relative 
turyidity were somewhat erratic.  The values ranged from 76.8% (day 
24) to 89.8% (day 28). Relative turgidity showed no consistent trend 
with time.
Per cent total needle desiccation (Table 9.5) showed a 
tendency to decrease with time. The heavy loss of needles measured at 
day 8 is due to increased water stress immediately after root-pruning. 
Desiccation was evident three days after pruning. The decreasing 
proportion of desiccated needles suggests an increase in green needle 
weight due to needle elongation and shoot growth, rather than an 
actual decline in desiccation. This decrease in needle desiccation 
parallels an increase in the photosynthetic rates of seedlings, 
expressed in terms of total needle dry weight, after day 8.
Table 9.5 Per cent needle desiccation of seedlings measured from 
eight to thirty-two days following root-pruning.
Needle Desiccation OS) 1
23.9
(28)
29.7
(32)
29.7
(24)
35.9
(20)
43.4
(16)
48.2
(12)
57.3
(8)
1 Each value the mean of 4 replicates.
Note: Horizontal lines join treatment means that are not significantly
different at PQ (Duncan's multiple range test) .
9.3.4 Stomata! Resistance
After root-pruning the seedlings showed a sharp increase in 
stomatal resistance (Figure 9.3) with the highest value of 21.20 sec 
per cm recorded on day 8 (Table 9.6). After day 8 stomatal resistance 
decreased, but, there were no significant differences in stomatal 
opening from day 12 to 20 which remained at levels well above those of 
the intact seedlings.
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Figure 9.3. Stomatal resistance measured over a twenty day period 
following root-pruning.
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Table 9.6 Stomatal resistance measured over a twenty day period 
following root-pruning. Bracketed values represent 
the number of days af ter root-pruning at which measure­
ment was taken. 11' represents measurement of intact
seedlings prior to root-pruning.
Stomatal Resistance (Sec.cnT ) 1
1.56
(I)
5.22 8.57 9.20 11.16
0 )  (20) (12) (2)
12.60
(16)
15.60 21.20
(5) (8)
1 Each value the mean of 10 replicates.
Note: Horizontal lines join treatment means that are not signif icantly
different at Pq (Duncan's multiple range test).
For the short time immediately after root-pruning (one to 
f ive days) marked increases in stomatal resistance were paralleled by 
marked decreases in leaf water potential. At day 8, while stomatal 
resistance reached i ts  highest value, leaf water potential had returned 
to the same level as prior to root-pruning. I t  was apparent that from 
day 5 to day 8 leaf water potential recovered dramatically from the 
observed low value at day 5. The steady increasing stomatal resistance 
at this time suggests that stomatal closure was responsible for 
reduced moisture stress in seedlings. After day 8 stomatal resistance 
decreased and both leaf water potential and stomatal aperture were 
maintained at fa i r l y  constant levels for the remainder of the th i r ty -  
two day period.
9.3.5 Rates of Transpiration of Excised Needles
The decline in relative turg id i ty  and transpiration rate of 
excised needles for intact seedlings and at 8, 16, 24 and 32 days 
after root-pruning are shown in Figure 9.4 and 9.5 respectively. All 
needles sampled showed a similar pattern of water loss irrespective of 
the day of sampling.
The in i t ia l  rate of water loss was greatest in needles from 
intact seedlings and from seedlings 32 days after root-pruning
Figure 9.4. 
The decline in 
relative turgidity of excised needles of P. 
radiata w
ith 
tim
e, 
m
easured for intact seedlings and at eight, 
sixteen, 
tw
enty-four 
and thirty-tw
o days after root-pruning. 
Each point represents a mean of 
six replicates. 
V
ertical 
bars 
represent standard errors.
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(Figure 9.5). The in i t ia l  rate of water loss was least from needles 
collected 8 days after root-pruning with 16 and 24 day treatments 
assuming intermediate positions.
After forty minutes the rate of water loss was considerably 
reduced in al l of the material measured apparently from stomatal 
closure. By this time, the relative turg id i ty  of needles of intact 
seedlings and those 32 days after root-pruning had declinecHFigure 9.4) by 
approximately 38% and 40% respectively, while those measured at day 8 
declined only 21%. The relative turig idies at which stomatal closure 
occurred was estimated by using a semi-logarithmic plot as described 
previously in section 9.2 ( f ) .  The closure relative turgid i t ies are 
presented in Table 9.7.
Table 9.7 Needle relative turg id i t ies at the point of stomatal 
closure. Bracketed values are the number of days 
after root-pruning at which time measurement was taken.
1I '  represents measurement from intact seedlings.
Relative Turgidity (%)"*
59.33 59.33 66.33 72.00 78.50
(I) (32) (24) (16) (8)
1 Each value the mean of 6 replicates.
Note: Horizontal lines join treatment means that are not signif icantly
different at Pq ^  (Duncan's multiple range test).
Eight days after root-pruning seedlings showed the greatest 
sensit iv ity to reductions in relative turg id i ty .  Stomatal closure 
occurred at a relative turgid i ty  of 78.5% at this time, a closure 
value signif icantly higher than for the other treatments. These 
seedlings showed greater stomatal control of water loss. The stomata 
of intact seedlings and seedlings 32 days af ter root-pruning were much 
more ineffective and slower in closing compared to other seedling. 
Stomatal closure occurred when plant relative turgid i t ies had declined 
to 59.33%.
214
9.3.6 Net Photosynthesis and Dark Respiration
Net photosynthesis and dark respiration where measured at 
various times after root-pruning (Table 9.8 and Figure 9.6). There 
was a sharp decline in photosynthesis during the f i r s t  eight days 
after root-pruning followed by a very gradual recovery in photosynthesis 
to a level equal to about 60% of the original rate in intact seedlings 
expressed in terms of green needle dry weight or about 50% expressed 
in terms of total needle dry weight. Dark respiration increased 
immediately after root-pruning (day 1 and 2), then declined to a 
fair ly constant level thereafter.
The decline in photosynthesis closely paralleled the increase 
in stomatal resistance for the f i r s t  few days after root-pruning.
After three days needle desiccation was evident indicating that 
stomatal closure alone was not responsible for the reduced gas 
exchange values after this time. The higher rates of photosynthesis 
and respiration when expressed in terms of green needle weight is 
evidence of this.
9.4 DISCUSSION
The results indicate that root-pruning had an immediate and 
marked effect on a number of physiological processes. These effects 
occurred within the f i r s t  eight days following root-pruning.
The most striking effect observed was a sharp increase in 
stomatal resistance and a concurrent drop in net photosynthesis. A 
decline in photosynthesis due to root-pruning has also been reported 
for Pinus caribaea  (Abod, 1977). A number of investigators have 
shown that increasing water deficits  can cause an increase in stomatal 
resistance accompanied by a reduction in photosynthesis (e.g.
Ketellaper, 1963; Boyer, 1965; Kriedemann, 1971; Mederski e t a l . y 
1975; Khairi and Hall, 1976). The most tangible evidence of a reduced 
capacity to maintain water balance was the increased leaf water 
potential and observed needle desiccation which occurred within a 
few days of the root-pruning treatment. Since the seedlings were 
incapable of maintaining high rates of absorption due to a much 
reduced root system, the closure of stomata is the only means by which 
seedlings could exercise control over water loss. It was shown on 
excised needles, such that within the eighth day period stomata from
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Table 9.8 Rates o f  net photosynthesis and dark re sp i ra t io n  of seedlings measured over a th i r t y - tw o  day period 
fo l low in g  root-p run ing . Values are the means o f  three re p l ic a te s .  Bracketed values represent the 
number o f  days a f t e r  root-pruning at which measurement was taken. ' I '  represents measurement of 
In t a c t  seedlings p r io r  to root-p run ing.
a) Comparison o f  measurements from day 0 ( in t a c t )  to day 8.
Parameter Treatment Mean
Net Photosynthesis1 
(mg.g*1. h r ' 1)
2.87
(8)
5.43
(5)
9.74
(2)
12.31
(1)
14.81
( I )
Dark R esp ira t ion1 
(mg.g*1. h r ' 1)
0.77
(8)
1.34
(5)
1.38
( I )
1.53
(2)
1.95
(1)
b) Comparison o f  measurements from day 0 ( in t a c t )  to day 32.
Net Photosynthesis1 
(mg.g '1. h r ' 1)
Dark 
(mg.
Resp ira t ion1 
g ' 1.h r - 1 )
2.87
(8)
4.71
(24)
4.95
(16)
5.28
(20)
5.43
(5)
6.43
(32)
6.70
(12)
6.89
(28)
9.74
<3)
12.31
(2)
14.81
( I )
0.77
(8)
0.88
(24)
0.93
(12)
0.97
(16)
0.99
(20)
1.17
(28)
1.34
(5)
1 .35 
(32)
1.38
( I )
1.53
(2)
1.95 
(1)
c) Comparison o f  measurements from day 8 to day 32.
Net Photosynthesis2 
( m g . g ' l . h r ' 1)
6.32
(8)
7.24 8.60
(20) (16)
8.64
(12)
8.86
(28)
9.56 10.49
(32) (24)
Dark R espira t ion2 
(mg.g'1 .h r '3 )
1 .35 
(32)
1.36 1.66
(20) (12)
1.70 
(16)
1.81
(24)
1.83 1.98
(28) (8)
1 Gas exchange expressed in terms o f  to ta l  needle dry weight.
2 Gas exchange expressed in terms of green needle dry weight.
Note: Horizonta l l ines  jo in  means tha t  are not s i g n i f i c a n t l y  d i f f e r e n t  a t  Pg g^ (Duncan's m u lt ip le  range te s t ) .
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mg CO2 g 1 (green needle) ,  hr 
mg CC^-g1 ( total needle).hr1
Number of Days After Root-Pruning
Figure 9.6. Rate of net photosynthesis (P) and dark respiration (R) 
of seedlings over a thirty-two day period following 
root-pruning.
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root-pruned seedlings were more sensitive to water loss than were the 
stomata of needles from unpruned seedlings (Figure 9.5). Similar 
behaviour has been shown for P. vadiata seedlings grown under moisture 
stress (Rook, 1973).
That seedlings undergo moisture stress within this period 
is further supported by the respiratory response. There was a 
tendency for dark respiration to increase immediately after root- 
pruning (day 1 and 2) after which time the rate declined to a level 
maintained consistently for the remainder of the thirty-two day 
period. Such behaviour has been shown for root-pruned P. caribaea 
seedlings (Abod, 1977) and a number of other plants under moisture 
stress (Stocker, 1960; Boyer, 1976).
An alternative explanation for the reduced rates of photo­
synthesis of seedlings is perhaps related to the temporary reduction 
in the size of the sink (roots) for photosynthates. More photosynthates 
would be expected to accumulate in the shoot, which in turn would 
reduce the rate of photosynthesis (e.g. review by Neales and Incoll, 
1968).
Eight days after root-pruning leaf water potential was 
restored to pre-pruning level and by day 12 seedlings showed distinct 
signs of recovery in photosynthesis, accompanied by a decrease in 
stomatal resistance. Proliferation of new roots took place and there­
after, the recovery process intensified. By day 32 net photosynthesis 
was restored to approximately 60% (green needle weight) or 50% (total 
needle weight) of the initial rate prior to root-pruning. There was 
also less sensitivity in stomatal response to moisture loss (Figure 
9.5). Associated with this recovery were progressive increases in 
both root regeneration and shoot growth.
Thus, it is apparent that root-pruning has a marked effect 
on the physiological processes of P. radiata seedlings. Flowever, the 
seedlings have effective mechanisms to minimise the adverse effects 
of the initial shock of root-pruning ensuring both survival and 
subsequent growth given favourable conditions.
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CHAPTER 10
GENERAL DISCUSSION
Successful seed l ing  es tab l ishment  in the f o r e s t  depends on a 
combinat ion o f  many environmental  f a c to r s  and the in h e re n t ,  morphological  
and p hy s io log ic a l  c a p a b i l i t i e s  o f  the seed l ing .  The fundamental 
d i f f e r e n c e  between the con ta in e r  grown seed l ing once ou tp lan ted  and 
the convent iona l  bare- roo ted seedl ing  i s  the g re a te r  ro o t  d is tu rbance 
o f  the l a t t e r .  Bare- rooted stock must r e l y  more on the resources 
immediately a v a i la b le  from the s i t e  a f t e r  p la n t in g  f o r  s u rv iv a l  and 
subsequent growth.  Seedl ing capa c i t y  f o r  rap id  roo t  growth and 
e x p lo ra t io n  o f  the s o i l  immediately a f t e r  p la n t in g  is  a c r i t i c a l  
f a c t o r  in  rap id  es tab l ishment  and f a s t  growth dur ing the f i r s t  growing 
season.
P. ra d ia ta  i s  one o f  the most successfu l  c o n i fe rs  as an 
ex o t ic  in  commercial p la n ta t io n s  in  the wor ld .  This success has been 
a t t r i b u t e d  to  i t s  hardy nature and a capa c i t y  f o r  rap id  growth under 
a wide range o f  environmental  con d i t io n s  (Shepherd, 1971*, Waring,
1971).  I t  i s  a species w i th  the capac i ty  to  be planted bare- rooted 
i n t o  the f o r e s t  y e t  to  become es tab l ished  and to  grow a t  an extremely  
f a s t  ra te  dur ing  the f o l l o w in g  months (Woods, 1976). Many quest ions 
may be asked in r e l a t i o n  to  the under ly ing  mechanisms c o n t r i b u t i n g  to  
these favourab le  c h a r a c t e r i s t i c s ,  e s p e c ia l l y  i t s  capac i ty  f o r  bare- 
roo t  p l a n t in g .  What p h y s io lo g ic a l  processes are invo lved in  determin ing 
i t s  success once ou tp lanted? How does the environment e f f e c t  i t s  
growth p o te n t ia l?  The s tud ies  in  t h i s  th e s is  set  out to  exp lo re  some 
o f  these quest ions o f  p a r t i c u l a r  re levance to  the quest ion o f  ro o t  
growth both dur ing  the c r i t i c a l  es tab l ishment  phase and f o l l o w in g  the 
p ra c t i c e  o f  unde rcu t t ing  and wrenching in the nursery ,  a p ra c t i c e  
known to  r e s u l t  in  a hardened p la n t  w i th  a f ib ro u s  ro o t  system 
p a r t i c u l a r l y  wel l  su i ted  to  f i e l d  p la n t in g  (Cameron, 1969; Cameron 
and Rook, 1969b; Rook, 1969a, 1971; van Dorsser and Rook, 1972; Benson, 
1976a,b; Benson anu Shepherd, 1977; Chavasse, 1977).
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Root regeneration potential (RRP), the capacity of seedlings 
to produce new roots has been shown to be one of the most critical 
indicators of the physiological condition of seedlings (Schubert and 
Adams, 1971; Stone and Jenkinson, 1971). Stone and his co-workers and 
many other researchers have successfully used this technique in 
predicting the transplanting capacity of a number of nursery conifers 
including P. ponderosa (Stone and Schubert, 1958, 1959a,b; Schubert 
and Baron, 1965; Stone, 1967a; Stone and Jenkinson, 1971), P. taeda 
(Bilan, 1961), Ps. menziesii (Stone, 1955; Stone et al. , 1962; Todd, 
1964), Taxus spp. (Lathrop and Mecklenburg,1971) P. glauca, P. mariana 
and P. banksiana (Stupendick, 1973; Day and Stupendick, 1974; Day and 
M a c G i 1 1 ivray,1975; Day, Stupendick and Butler, 1976). All have found 
that there was an endogenous seasonal rhythm to this capacity for root 
regeneration, the seasonal patterns varying with species. Nursery 
grown P. ponderosa and Ps. menziesii, for example, lifted in late 
spring and summer have little capacity for root regeneration but lifted 
in late autumn or winter have a high capacity for root regeneration. 
These researchers found that certain environmental factors such as air 
and soil temperature, light intensity, photoperiod and soil moisture 
were critical in determining the potential root growth of seedlings of 
these particular species on the planting site.
The present studies set out to investigate for P. vadiata 
some environmental factors shown in the literature to influence RRP 
and which could be isolated singly in phytotron and glasshouse 
facilities so that the main effects of the single environmental factor 
could be revealed.
Shoot- and root-pruning, including undercutting and wrenching, 
are common cultural practices in P. vadiata nurseries to regulate 
seedling size and as a preconditioning method to improve stock quality 
(Anon., 1968; Cameron and Rook, 1969b;van Dorsser and Rook, 1972; 
Stockley, 1975; Benson, 1976a; Minko and Craig, 1976). In undercutting 
and wrenching it is desirable to sever a significant proportion of the 
root system thereby severely stressing the seedling, then allowing 
recovery in the bed before lifting and outplanting.
Some early investigations in the present study set out to 
determine how much shoot and root could be removed from P. radiata 
seedlings before growth was too drastically reduced or mortality 
occurred. It was found that when the root system was reduced such that
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no f ibrous roots remained whatever, given favourable environmental 
condit ions seedlings s t i l l  possessed a phenomenal capab i l i ty  to 
survive and, in the long run, to p ro l i fe ra te  a new root system. The 
resul ts  c lea r ly  showed, however, tha t  most rapid root growth occurred 
when the least amount of root or shoot was removed. Under unfavourable 
environmental conditions, severely pruned seedlings could not be 
expected to develop new roots rap id ly .  Thus, unable to gain intimate 
contact with the soi l  fo r  moisture and nu tr ien t  reserves, seedlings 
would, in the long term, die. Seedlings with some f ibrous roots were 
found to be better  able to establ ish than those with only rudimentary 
root systems. For the purposes of subsequent studies i t  was found 
that i f  21 cm of root measured from the cotyledons remained th is  
allowed fo r  adequate root regeneration in the three to four week 
period fo l lowing root-pruning, during which the e f fec t  of various 
environmental factors on seedling growth could be tested. The tes t  
period and the amount of root removed was a compromise s i tua t ion  as 
the process of counting and measuring the masses of new roots was 
very time-consuming and had to be balanced against the usefulness of 
the resul ts  obtained.
The e f fec t  of the n u t r i t io n a l  status of seedlings during the 
c r i t i c a l  period immediately a f te r  root-pruning was investigated. I t  
was found that under such treatment seedlings which had been supplied 
with adequate nutr ients  throughout the growth period p r io r  to root-  
pruning had s u f f ic ie n t  reserves to sustain growth while new roots 
were produced. Plants grown under inadequate nu tr ien t  regimes showed 
poorer growth once root-pruned and replanted. In the present studies, 
regular nu tr ien t  appl icat ions both p r io r  to and during treatment 
ensured that seedlings had s u f f ic ie n t  nu tr ien t  reserves fo r  the three 
to four week growth period a f te r  root-pruning. This ce r ta in ly  was so 
under the more favourable temperature conditions but, as noted elsewhere, 
nu tr ien t  uptake may have been l im i ted during the treatment period at 
low soi l  temperatures. Chlorosis was evident in seedlings grown under 
a temperature regime of 8°/4°C (Chapter 7, Expt. 2), suggesting that 
nu tr ien t  defic iency may have been, in part ,  responsible fo r  poor root 
growth at that temperature. There is very good evidence in the 
l i t e ra tu r e  that low soi l  temperatures can r e s t r i c t  both uptake of 
nutr ients from the soi l  and mobil izat ion of nutr ients  in the plants 
(Vinokur, 1957; Ashby, 1960; Power e t  a l .  , 1963; Bowen, 1970 and
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others cited by Knoll e t a l. , 1964 and Cooper, 1973). The results of 
the present study were thus shown, in general, not to be complicated 
by poor nutritional status of the seedlings, except, under low soil 
temperatures.
Knowing light intensity and photoperiod to be crit ical 
factors influencing the growth of seedlings, some early studies dealt 
with these environmental factors. In the Australasian environment 
where P. radiata  is grown the average day-length varies only between 
about 9 and 15 hours (for Brisbane 28°S, 10.3-13.9 hrs; Sydney 34°S, 
9.8-14.4 hrs; Melbourne 38°S, 9.5-14.7 hrs; and Hobart 43°S, 8.9-15.3 
hrs). I t  was shown that within this range, seedlings have a high 
potential for root growth. Although shoot extension is favoured 
under longer days, photoperiod was shown not to be a crit ical factor 
influencing the RRP of seedlings. The light intensity' experiment, 
however, did show that P. radiata  was sensitive to reduced light 
levels. Both the size of the seedlings produced and RRP were affected 
by low light intensity. The normal, unshaded conditions when 
seedlings are planted into the field are therefore conducive to 
production of good root systems and sturdy plants. Under shade, 
seedlings develop poor root systems with slender, soft stems. The 
results confirm that current nursery practice for P. radiata3 where no 
shade is used, is most favourable for the development of sturdy 
seedlings with wel1-developed root systems.
Temperature is one of the most important environmental 
variables regulating seedling growth and RRP (Bilan, 1961; Schubert 
and Baron, 1965; Krugman and Stone, 1966; Stone, 1966; Schubert and 
Adams, 1971; Stone and Jenkinson, 1971; Abod, 1977). In the present 
studies a wide range of ambient temperatures was examined, covering 
the range which would usually be experienced during the year under 
normal field conditions in Australasia. In early studies, where there 
was no separate control of soil temperature, i t  was found that RRP 
was extraordinarily high under a wide range of temperature regimes.
Even at temperatures as low as 8°/4°C seedlings proliferated new 
roots. The distribution of root growth, however, differed under lower 
when compared to higher temperature regimes. While seedlings s t i l l  
produced large numbers of new roots at low temperatures, the subsequent 
extension of these roots was greatly reduced. None of the temperature 
regimes in these early studies completely inhibited growth.
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In agreement with other studies with P. rad ia ta , seedling 
growth and RRP were optimal at temperatures ranging from 21°/16°C to 
27°/22°C (Shepherd, 1965; Cremer, 1968; Florence and Malajczuk, 1970; 
Macpherson, 1970; Hellmers and Rook, 1973; Wood and Brittain, 1973). 
Where the day and night differential was altered under a favourable 
27°C day temperature the greater length of roots was produced at night 
temperature closest to the day temperature (22°C). A cold night (10°C) 
temperature altered the distribution of growth in the test seedlings. 
Height growth was enhanced while extension of many new roots produced 
was inhibited.
In all the early day/night temperature studies, soil 
temperature followed the air temperature within approximately half an 
hour of the day/night, night/day changeover. Consequently, i t  was 
not possible to differentiate between any separate effects of soil 
and air temperature. A perusal of the literature had shown that soil 
temperature was certainly likely to be a crit ical factor determining 
both seedling development (e.g. Barney, 1951; Ashby, 1960; Hellmers, 
1963b; Bowen, 1970; Cooper, 1973; Heninger, 1974; Heninger and White, 
1974; Rook and Hobbs, 1975) and RRP (Stone e t a t. , 1962; Schubert and 
Baron, 1965; Larson, 1970; Abod, 1977). This led to further studies 
which set out to examine the relative significance of soil temperature 
in relation to root regeneration potential.
Soil units were installed in the cabinets so that 
soil temperature could be controlled independently of a range of shoot 
temperatures.
Under all of the air temperature regimes examined, ranging 
from a low 15°/5°C to a high 30°/20°C, low soil temperatures (5°-10°C) 
were adverse to root regeneration potential. Under these conditions 
needle turgidity, photosynthesis and translocation of photosynthates 
to the roots were all reduced in root-pruned seedlings. Only relatively 
few roots were produced at these low temperatures, and almost all of 
these were short roots.
In Australia, cold soil temperatures of the same order as 
the experimental temperatures used, could be expected in the winter 
and early spring in the field or nursery (Jacobs and Lindsay, 1929; 
Bowen, 1970). Cold soils would depress root growth, thus seriously 
restricting exploration of the soil and the uptake of moisture (see 
Kuiper, 1964) or mineral nutrients (Bowen, 1970).
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Low nutrient availability and especially paucity of P and N 
has long been recognized as a problem limiting growth in P. radiata  
nurseries and in the plantations (Brown and Hall, 1968; Waring, 1971; 
Benson, 1976a,b). There is evidence that nutrient deficiency may be 
one of the primary factors responsible for productivity decline in 
second rotation stands (Stevens and Bond, 1957; Lewis and Harding,
1963; Stone and Will, 1965a; Bednall, 1968; Whyte e t  al. , 1969; Berg,
1975) , and that i t  does become a limiting factor even on the most 
fe r t i le  soils in nurseries after repeated cropping (Benson, 1976a;
Minko and Craig, 1976). It is common practice to supply seedlings with 
fe r t i l ize r  at the time of planting to the forest (e.g. Brown and Hall, 
1968; Shepherd, 1971) and at seedbed preparation and regularly through­
out the growing season in the nursery (Benson,1976b; Minko and Craig,
1976) to compensate for these nutrient deficiencies. Application of 
f e r t i l i ze r  at a time when cold soils would res tr ic t  root growth is not 
a useful practice as seedlings would be limited in their ability to 
take up any significant quantities of nutrient elements. Rapid 
leaching of nitrogenous fer t i l izers  particularly is likely to take 
place under the wet conditions of winter. This could lead to much 
reduced availability of this f e r t i l i ze r  element in the proximity of
the root zone when soils begin to warm up and root extension commences.
The highest soil temperatures examined were above the ambient 
air temperatures and when above 30°C would be comparable to very high 
temperatures only encountered in the field in the hottest summer months. 
At soil temperatures of 30°C and 35°C seedlings maintained relatively 
high rates of photosynthesis and translocated large proportions of 
photosynthate to the roots. Seedlings, however, grew preferentially 
in height and produced few roots and i t  was argued that excessive 
respiration was most probably the main cause of this. Complete 
inhibition of root growth and reduced photosynthetic rates of seedlings 
at the 40°C soil temperature indicates a gross disruption of the internal 
physiological processes of the seedlings.
Active shoot growth of intact seedlings at high soil 
temperatures suggested that the seedlings were extending roots rapidly. 
Careful observation of both root-pruned and intact root systems showed 
that the roots were fully suberized and apparently no new roots were 
being produced. One possible explanation was that suberization of 
roots was proceeding at the same rate as new root extension and the new
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roots were thus brown and not readi ly  recognized. However, the complete 
absence of new root t ips and heavy suberizat ion of the whole system 
tended to contradic t such an hypothesis. Survival of most seedlings 
at th is  so i l  temperature indicated that plants were, however, quite 
capable of obtaining s u f f ic ie n t  water through suberized roots.
Although needle tu r g id i t y  of root-pruned seedlings was low at these 
temperatures, in tac t  seedlings maintained th e i r  moisture status at 
high levels. In the l i t e r a tu r e ,  reports by Addoms (1946), Kramer 
(1946), Kramer and Bullock (1966) and Chung and Kramer (1975) have 
indicated that suberized roots do in fac t  play an important ro le in 
the water economy and mineral n u t r i t i o n  of woody plants.
RRP was high at medium soi l  temperatures under each a i r  
temperature regime. The greatest potential  to regenerate roots was 
found when soi l  temperature was s im i la r  to the a i r  temperature. In 
general, root regeneration potential  was high w i th in  a so i l  temperature 
range of 20°C to 30°C. In terms of da i ly  heat sum of the s o i l ,  in 
both so i l  temperature contro l led and uncontrol led experiments, there 
was a consistent occurrence of maximum root growth at 480 to 720 degree- 
hours. I t  is suggested that  soi l  da i ly  heat sum may be a c r i t i c a l  
fac tor  inf luencing root growth of  P. rad ia ta . Within the optimal 
temperature range, seedling moisture status was most favourable, 
seedlings had high rates of photosynthesis and a high proportion of 
photosynthates were translocated to the roots.
Under the low a i r  temperature regime of 15°/5°C height 
growth of both in tac t  and root-pruned seedlings declined and diameter 
growth was enhanced. At the highest so i l  temperatures photosynthesis 
was adequate, needle tu r g id i t y  high, with adequate d is t r ib u t io n  of 
photosynthates to both the stem and root. Very large numbers of new 
root were produced and although the warmer so i ls  enhanced the extension 
of roots, a large proportion were s t i l l  quite short. Certain 
implicat ions fo r  nursery pract ice may be in fe rred from these resul ts .  
Undercutting and wrenching commenced in summer, fo r  example, under 
condit ions of adequate moisture and nu tr ien t  supply, would resu l t  in 
a quite act ive p ro l i fe ra t io n  of roots together with shoot extension.
As autumn progresses a i r  temperatures decl ine but so i ls  remain warm. 
Under these conditions rapid recovery from undercutting and wrenching 
would resu l t .  A great length of new root ,  comparable to that which 
would be produced under warmer a i r  and soi l  temperatures, would be
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produced together with large numbers of short roots. In addition, 
height growth would be greatly reduced, but diameter growth enhanced, 
producing much sturdier as well as better balanced seedlings. As 
soils get colder, however, few roots would be produced and seedlings 
would be more susceptible to desiccation due to an inadequate root 
system. Thus such practices as undercutting and wrenching too late 
in the season could be hazardous and should be restricted to periods 
when favourable soil temperatures could be expected.
The final recovery experiment showed that root-pruning 
resulted in a drastic decline in the rate of photosynthesis and leaf 
water potential in the seedlings. Stomatal closure closely paralleled 
the decrease in photosynthesis. By day eight stomata were apparently 
tightly closed, and water potential was restored to the same level as 
prior to root-pruning but, at the expense of photosynthesis. After 
eight days under favourable environmental conditions, stomatal 
resistance declined, photosynthetic rates began to increase slowly and 
seedlings began producing roots. Seedlings had established contact 
with the soil and had an increased capacity to absorb more water and 
nutrients. By day thirty-two, the rates of photosynthesis had been 
restored to approximately 50-60% of the original value prior to root- 
pruning and seedlings were proliferating large numbers and lengths of 
new root and actively growing in both diameter and height. The results 
suggest that given favourable environmental conditions seedlings are 
capable of adjusting to the drastic alteration in their water 
relations due to root-pruning and of sustaining high rates of growth 
about three to four weeks after root-pruning.
All of the current studies took place in controlled 
environments, and i t  would be advisable to consider the applicability 
of the results in these terms. In the field and nursery, not only 
does temperature vary continuously but some or all of the other 
environmental factors such as moisture, nutrients and light also vary 
and are often limiting. The pattern of seedling growth will be 
influenced by all these factors in combination.
Within the limitations suggested above, several important 
characteristics of the species could be pointed out. Perhaps the 
most important is the remarkable abili ty of P. radiata  for high RRP 
apparently all year round. Unlike most North European and North 
American conifers, which require a dormant or cold period to ini t ia te  
a high rate of RRP, P. radiata  showed no requirement for prior
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exposure to reduced temperatures to regenerate roots. For P. ponderosa 
it has been shown that maximum root regeneration is largely controlled 
by the number of hours that seedlings in the nursery are exposed to 
low night temperatures (Schubert and Baron, 1965; Krugman and Stone, 
1966; Stone, 1966, 1967a; Stone and Jenkinson, 1971). The P. radiata 
seedlings used in the current study were capable of proliferating 
large numbers of new roots when grown under a very wide range of 
environmental conditions with no preconditioning necessary. Seedlings 
were able to regenerate equally large numbers and lengths of new root 
when transferred from both high and low air temperatures, provided soil 
temperatures were optimal during the regeneration period.
P. radiata will function successfully over a wide range of 
air and soil temperatures and light conditions. Of the climatic 
factors examined only extremely high (40°C) soil temperature under an 
high air temperature (30°/20°C) severely restricted root growth and 
reduced survival.
Perhaps the most interesting result of the whole study is 
that seedlings lifted and planted in a cold climate are able to produce 
roots despite low air and soil temperatures. Although cold 
temperatures reduce the overall growth of newly planted seedlings some 
new roots are being produced. Once outplanted to the forest seedlings 
will thus quickly become adjusted to the new environment, achieve 
intimate contact with the soil and will be capable of absorbing 
essential moisture and nutrients. With increasing temperatures during 
the early spring months photosynthetic rates would be expected to rise, 
accompanied by a massive proliferation of the many root primordia 
formed during the cold months of winter immediately following out- 
planting. This response must account for much of the success of 
P. radiata when planted to the forest. Such a massive proliferation 
of new roots would render seedlings capable of taking full advantage 
of favourable environmental conditions early in the season.
Much of the technology of P. radiata establishment in recent 
years has concentrated on achieving very rapid early growth of 
seedlings once planted to the forest. Some of the results reported 
indicate quite spectacular success in achieving these objectives (for 
example, the reports for South Australia by Woods, 1976). It appears 
from the present studies that this quite spectacular success with 
P. radiata is due, at least in part, to the extraordinary capacity of
this species to proliferate a new root system under a wide range of 
environmental conditions. The species is not circumscribed in its  
physiological capacity for root growth by any need for preconditioning 
through cold temperatures or short day-length. The present studies 
have thus shown this to be yet another facet of the quite extraordinary 
capacity of P. radiata  to grow and to develop into a most successful 
plantation tree under a very wide range of environmental conditions.
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APPENDIX I
Composition o f  CERES N u t r ien t  Solut ion
The n u t r ie n t  so lu t ion  is based on Hoagland (No.2) so lu t ion  (E.J. 
Hewi t t ,  Sand and Water Culture Methods used in the Study o f  Plant 
N u t r i t i o n ,  2nd Ed i t ion  1966, p p .187-193) with some mod i f ica t ion  to 
mi nor elements.
Chemical 
Composition
Quanti ty 
(mg/1)
Elements
■(mg/1)
Ca(N03) 2.4H20 950 N 211.7
(NH4)H2P04 120 P 32.2
kno3 610 K 235.9
MgS04 .7H20 490 Ca 160.9
H3B03 0.60 Mg 48.3
MnCl2 .4H20 0.40 Na 3.61
ZnS04 .7H20 0.09 S 66.7
CuS04 -5H20 0.05 Cl 0.143
H2Mo04 0.02 Fe 5.007
Co(N03) 2 .6H20 0.025 B 0.105
FeS04 .7H20 (chelated Co 0.005
w i th  EDTA) 24.90 Mn 0.111
NaOH 6.30 Cu 0.013
Zn 0.02
Mo 0.012
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APPENDIX I I
I n f i n i t e  thickness curve fo r  roots of  P. r a d i a t a  seedlings used to 
determine the correct ion factors fo r  ra d io a c t i v i t y  of root  powder 
samples less than the standard 30 mg. Each point represents one 
re p l ica te .  Values at each point are correct ion fac tors .
10 15 20 25
Weight of Powder Sample (mg-crn)
Correct ion factors  fo r  root powder samples less than 30 mg 
were determined as fo l lows:
a) powder samples of 5, 7, 10, 12, 15, 20, 25 and 30 mg were 
drawn from a bulked sample of ground root material (4 seedl ings).
b) r a d io a c t iv i t y  was counted fo r  each sample as described in 
Chapter 3 and values plo tted as counts per minute against the weight 
of the sample.
c) a curve was f i t t e d  using the ' freehand' method described by 
Nash (1965). From the values obtained from the curve, correct ion 
factors  were calculated fo r  each sample weight, using the fo l lowing 
equation:
CFw = c t on 7  c t
where CF = correct ion fac to r  f o r  powder sample less than 30 mg.
x -1 ctoQ = radioactive count (counts.min ) f o r  standard 30 mg
powder sample. _ 1
c t  = radioactive count (count.min ) fo r  powder sample less 
than 30 mg.
d) fo r  subsequent determination of ra d io a c t i v i t y  of samples less
than the standard 30 mg, the radioactive counts fo r  the samples were 
m u l t ip l ied  by the equivalent CF as determined from the curve.
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APPENDIX I I I
Composition of nu tr ien t  solut ions used in nu tr ien t  experiments 
(Chapter 4) , expressed as the number of  ml of stock solut ion per
1 i tre
Stock Solution
Chemical composition 
1M Ca(N03) 2 .4H20 
1M MgS04.7H20 
1M KH2P04 
1M KN03 
1M CaCl2 .6H20 
IM KC1
Prepared Nutr ient  Solutions 
(ml stock s o lu t i o n / l i t r e )
FULL -N
5
2 2
-P -NP
5
2 2
1 1
5 - 5
5 1 6
* Fe complex 
** Micronutrients
1 1 1 1  
1 1 1 1
* Fe complex - 0.031 M FeCl3, 0.020M E.D.T.A. disodium sa l t  .2H20
** Micronutrients = 0.046 M H3B03, 0.009 M MnCl2.4H20, 0.0008 M
ZnCl2 , 0.0003 M CuC12.2H20, 0.0001 M Na2Mo04.
Reference: Bachelard, E.P., Senior Lecturer, Forestry Department
A.N.U.
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APPENDIX V
Effect of various combinations of a ir  and soil temperature on net photosynthesis of root-pruned and intact seedlings. 
Bracketed values indicate  soil temperatures in °C. 'A' represents soil temperatures the same as a i r  temperatures.
Experiment
Number
Day/Night 
Air Temperature 
(°C)
Net Photosynthesis (mg. g* l .h r* l)'
Root-Pruned Seedlings Intact Seedlings
4 15/5 4.62 6.83 6.84 7.77 10.78 12.82
(10) (A) (15) (10) (A) (15)
5 15/5 3.16 5.32 6.85 4.58 9.32 10.68
(5) (A) (20) (5) (20) (A)
6 20/10 5.48 6.11 7.32 7.11 9.22 9.45
(15) (A) (10) (15) (10) (A)
7 20/10 9 54 11.08 11.1 6 13 80
(20) (25) (20) (25)
8 20/10 4.30 5.83 5.90 5.92 6.27 7.04
(A) (25) (20) (A) (25) (20)
9 25/15 3.09 3.46 3.46 3.67 3.86 7.57 9.72 10,03 10.27 10.92
(10) (15) (20) (A) (25) (10) (15) (20) (A) (25)
10 25/15 5.00 5.29 6.51 6.89 5.89 6.19 7.29 9.48
(30) (35) (25) (20) (30) (25) (35) (20)
11 25/15 3.32 6.53 7.92 9.11 9.24 11.32
(20) (25) (A) (20) (25) (A)
12 30/20 6.31 7.19 7.30 7.53 9.72 7.13 8.71 9.04 9.56 9.70
(30) (25) (A) (20) (15) (20) (15) (30) (A) (25)
13 30/20 4.47 4.49 7.59 7.70 5.82 7.44 7.74 9.25
(25) (40) (35) (30) (40) (35) (25) (30)
1 Mean of 2 re p l ica tes  for root-pruned and in tac t  seedlings.
Note: Horizontal l ines join treatment means that are not s ign if ican tly  d if fe ren t  at Pq. 05 according to Duncan's
multiple range t e s t  (Experiments 3, 5, 8-12) and Student's t - t e s t  (Experiments 4, 6, 7).
275
APPENDIX VI
Effects of various soil  and air temperatures on the distribution of 4^C-photosynthete 1n both root-
14pruned and intact seedlings three weeks after C-labelling. Bracketed values indicate soil  
temperatures in °C. 'A' represents soil temperature the same as air temperature .
Experiment
Number
Day/Night Air 
Temperature 
(°C)
Seedling 
Part
14C Activity (% of total plant recovery)
Root-Pruned Seedlings* Intact Seedlings^
4 15/5 Total Shoot 74.6 78.0 78.8 61.0 66.1 70.2
(15) (10) (A) (15) (A) (10)
stem 57.5 63.4 66.4 38.1 45.9 48.2
(15) (10) (A) (10) (15) (A)
branches 12.4 14.6 17.1 14.5 18.1 31.9
(A) (10) (15) (A) (15) (10)
Total Root 20.7 22.3 25.4 29.9 34.0 39.0
(A) (10) (15) (10) (A) (15)
residual 20.2 21.8 24.2 24.2 32.2 36.9
root (A) (10) (15) (10) (A) (15)
new root 0.2 0.5 1.2 l . a  2.1 5.7
(10) (A) (15) (A) (15) (10)
5 15/5 Total Shoot 78.7 86.7 58.2 67.2
(20) (5) (20) (5)
stem 59.4 59.9 41.6 55.1
(20) (5) (20) (5)
branches 19.3 30.0 11.9 16.6
(20) (5) (5) (20)
Total Root 10.1 21.3 32.6 41.6
(5) (20) (5) (20)
residual 10.2 20.8 27.1 41.1
root (5) (20) (5) (20)
new root 0.0* 0.5 0.5 5.6
(5) (20) (20) (5)
6 20/10 Total Shoot 82.1 87.8 92.3 73.0 75.1 80.1
(15) (A) (10) (A) (15) (10)
stem 56.0 61.0 62.6 42.0 43.8 59.7
(15) (10) (A) (A) (15) (10)
branches 24.9 26.1 31.2 20.4 31.0 31.3
(A) (15) (10) (10) (A) (15)
Total Root 7.7 12.2 18.0 20.0 24.7 27.0
(10) (A) (15) (10) (15) (A)
residual 7.7 12.2 17.9 18.6 22.4 25.2
root (10) (A) (15) (10) (15) (A)
new root 0.0* 0.1 0.1 1.4 1.8 2.3
(10) (15) (A) (10) (A) (15)
7 20/10 Total Shoot 78.1 83.1 65.8 79.8
(25) (20) (20) (25)
stem 46.7 48.2 27.1 37.0
(20) (25) (20) (25)
branches 29.7 36.3 33.8 38.7
(25) (20) (25) (20)
Total Root 16.9 21.9 29.2 34.2
(20) (25) (25) (20)
residual 15.3 21.1 28.6 32.7
root (20) (25) (25) (20)
new root 0.8 1.5 0.6 1.5
(25) (20) (25) (20)
(Cont'd next page)
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APPENDIX VI (Cont'd)
Experiment
Number
Day/Night A i r  
Temperature 
(°C)
Seedling 
Part
,4C A c t i v i t y  (!. o f  to ta l  p lan t recovery)
Root- 3runed Seedlings In ta c t  Seedlings^
9 25/15 Total Shoot 87.4 88.6 89.9 92.0 94.0 71.8 73.8 75.5 78.2 80.0
(20) (25) (A) (15) (10) (25) (20) (A) (15) (10)
stem 63.3 63.4 66.8 72.5 77.1 45.7 46.8 50.1 52.6 64.3
(A) (25) (20) (15) (10) (20) (A) (15) (25) (10)
branches 16.9 19.1 20.6 25.2 26.6 15.2 19.2 28.1 28.1 28.7
(10) (15) (20) (25) (A) (10) (25) (15) (20) (A)
Total Root 6.0 8.1 10.1 11.7 12.5 20.7 21.8 24.4 26.1 28.2
(10) (15) (A) (25) (20) (10) (15) (A) (20) (25)
residual 6.0 7.9 10.0 11.2 12.1 14.9 20.4 23.4 25.5 27.8
root (10) (15) (A) (25) (20) (10) (15) (A) (20) (25)
new root 0.0* 0.1 0.2 0.4 0.5 0.4 0.6 1.0 1.4 5.8
(10) (A) (15) (20) (25) (25) (20) (A) (15) (10)
10 25/15 Total Shoot 85.1 85.3 89.4 91.2 72.3 73.1 74.1 84.0
(30) (35) (20) (25) (35) (30) (25) (20)
stem 53.8 57.6 58.8 64.0 38.2 38.5 39.9 54.9
(35) (30) (20) (25) (30) (35) (20) (25)
branches 27.5 27.2 30.6 31.5 19.2 33.8 34.9 44.0
(30) (25) (20) (35) (25) (35) (30) (20)
Total Root 8.8 10.5 14.7 14.9 16.0 25.9 26.8 27.7
(25) (20) (35) (30) (20) (25) (30) (35)
residual 8.5 10.3 14.7 14.8 15.9 25.7 26.4 27.4
root (25) (20) (35) (30) (20) (25) (30) (35)
new root 0.0* 0.1 0.1 0.3 0.2 0.2 0.2 0.4
(35) (30) (20) (25) (20) (25) (35) (30)
12 30/20 Total Shoot 84.0 87.7 87.9 88.0 88.3 65.9 69.0 71.0 72.5 74.5
(25) (30) (20) (A) (15) (25) (15) (A) (20) (30)
stem 38.5 40.9 45.1 52.1 57.0 30.8 42.5 51.3 52.3 54.4
(15) (25) (A) (30) (20) (30) (25) (A) (15) (20)
branches 30.9 35.6 43.1 42.9 49.8 16.7 18.1 19.7 23.4 43.7
(20) (30) (25) (A) (15) (15) (20) (A) (25) (30)
Total Root 11.4 11.7 12.1 12.3 16.0 25.6 27.5 28.3 31.0 34.1
(15) (A) (20) (30) (25) (30) (20) (A) (15) (25)
residual 10.7 11.4 11.7 12.1 15.3 24.8 25.9 26.2 28.3 33.4
root (20) (15) (A) (30) (25) (30) (20) (15) (A) (25)
new root 0.0 0.0 0.2 0.7 1 .4 0.0 0.7 0.8 1.6 4.8
(A) (15) (30) (25) (20) (A) (25) (30) (20) (15)
1 Mean o f  3 rep l ica tes
2 Mean o f  2 rep l ica tes
* Samples too small to be assessed.
Note: Horizonta l l ines  jo in  treatment means tha t  are not s i g n i f i c a n t l y  d i f f e r e n t  at the Pg s ign i f ica nce  level
according to Duncan's m u lt ip le  range tes t  (Experiment 4, 6, 9, 10, 12) or S tudent 'su ' 
t - t e s t  (Experiment 5 ,7 ) .
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APPENDIX VII (A)
Stem and branch needle desiccation o f  root-pruned seedlings three weeks a f t e r  rep lant ing under various a i r  a^d soi 1 
temperatures. Bracketed values Ind icate  so i l  temperatures in °C. 'A ' represents s o i l  temperature the same? as a i r
temperature .
Experiment Day/Night A i r  Temperature 
(°C)
Needle Desiccation (*«)'
Number Stem Needles Branch Needles
4 15/5 19.53
(A)
27.50
(15)
27.81
(10)
20.21
(A)
22.38
(15)
32.50
(10)
5 15/5 22.41
(5)
23.29
(20)
13.
(5)
33 14.20
(20)
6 20/10 35.79
(15)
51.93
(A)
65.00
(10)
15.02
(15)
48.12
(A)
60.10
(10)
7 20/10 45.1C 
(25)
51.82
(20)
35.92 46.10
(25) (20)
9 25/15 46.82
(A)
47.34
(2)
50.24
(25)
63.26
(15)
70.28
(10)
46.70
(25)
46.75
(20)
49.80
'(15)
50.72
(A)
59.88
(10)
10 25/15 38.55
(30)
41.08 
(20)
41.44 
(25)
51.75 
(35)
21.12
(25)
24.32
(30)
39.84
(20)
44.60
(35)
12 30/20 26.83
(A)
29.44
(25)
41.24
(30)
50.99
(20)
57.26
(15)
27.22
(25)
30.32
(A)
37.42
(30)
40.77
(20)
56.07
(15)
13 30/20 34.90
(30)
36.68
(25)
47.18
(35)
59.62
(40)
36.16
(30)
39.90
(25)
40.0
(35)
61.70
(40)
1 Values are means o f  2 re p l ic a te s .
Note: Horizonta l l ines  jo in  treatment means th a t  are not s i g n i f i c a n t l y  d i f f e r e n t  a t  Pg qs s ign i f ica nce  level
according to  Duncan's m u lt ip le  range te s t  or Student's t - t e s t .
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APPENDIX V I1(B)
Changes in  the r e la t i v e  water content o f  needles o f  root-pruned and 
i n t a c t  seedl ings at  various so i l  and a i r  temperatures. Bracketed values 
in d ica te  i n i t i a l  measurement (0 ) ,  measurement a f t e r  one week (1) and 
measurement a f t e r  three weeks (3) .
Day/Night 
A i r  Temp­
erature 
(°C)
Soi l
Temperature
(°C)
Dai ly Heat 
Sum of  Soil  
(degree-hours)
Relat ive Water C 
(*)
ontent
1
of  Needles
Root-Pruned In tac t
15/5 5 120 82.7
(3)
87.5
(1)
90.6
(0)
85.5
(3)
88.0
(1)
90.6
(0)
10 240 85.9
(0)
86.0
(3)
86.4
(1)
85.7
(1)
85.9
(0)
86.6
(3)
15/5 280 82.6
(3)
84.7
O)
85.9
(0)
85.9
(0)
87.6
(1)
90.7
(3)
15 360 85.8
(3)
85.9
(0)
88.7
(1)
85.9
(0)
90.5
(1)
91.5
(3)
20 480 85.3
(3)
89.2
(1)
90.6
(0)
90.0
(3)
90.6
(0)
91.7
(1)
20/10 10 240 71.2
(3)
73.2
O)
86.6
(0)
82.8
O)
86.6
(0)
87.2
(3)
15 360 76.0
(1)
77.9
(3)
86.6
(0)
86.6
(1)
86.6
(0)
91.1
(3)
20/10 400 78.6
(3)
85.5
(1)
86.6
(0)
86.6
(0)
87.6
(3)
90.6
(1)
20 480 85.2
(1)
86.7
(3)
86.9
(0)
86.9
(0)
87.0
(1)
87.7
(3)
20 480 74.8
(3)
76.9
(1)
89.3
(0)
85.9
(3)
86.3
(1)
89.3
(0)
25 600 85.1
(3)
85.1
(1)
86.9
(0)
86.9
(0)
88.7
(1)
89.6
(3)
25 600 71.6 
(3)
82.8
(1)
89.3
(0)
84.0
(1)
86.0
(3)
89.3
(0)
25/15 10 240 70.8
(3)
76.8
(1)
89.9
(0)
83.2
(3)
85.3
(1)
89.9
(0)
15 360 64.6
(3)
74.3
(1)
89.9
(0)
84.9
(3)
86.8
0)
89.9
(0)
20 480 76.3
(1)
80.5
(3)
89.9
(0)
84.1
(3)
87.7
(1)
89.9
(0)
20 480 74.5
(1)
83.2
(3)
88.0
(0)
86.0
(1)
88.0
(0)
89.4
(3)
(Cont 'd next page)
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APPENDIX VII(B) (Cont'd)
Day/Night 
Air Temp­
erature 
(°C)
Soi 1
Temperature
(°C)
Daily Heat 
Sum of Soil 
(degree-hours)
Relative Water Content
(%)i
of Needles
Root-Pruned Intact
25/15 20 480 76.0
(1)
76.8
(3)
86.0
(0)
85.0
(1)
85.9
(0)
87.3
(3)
25/15 520 78.8
(3)
82.8
(1)
89.9
(0)
84.2
(3)
87.1
(1)
89.9
(0)
25/15 520 74.9
(3)
74.9
(1)
85.9
(0)
85.9
(0)
86.2
0)
86.6
(3)
25 600 80.0
(1)
81.4
(3)
89.9
(0)
84.0
(3)
88.0
(1)
89.9
(0)
25 600 78.1
(3)
81.2
(1)
88.0
(0)
88.0
(0)
88.2
(1)
89.8
(3)
25 600 69.2
(1)
77.9
(3)
85.9
(0)
85.9
(0)
86.8
(1)
87.6
(3)
30 720 79.9
(3)
80.5
(1)
88.0
(0)
86.7
(3)
87.7
(1)
88.0
(0)
35 840 79.9
(1)
81.2
(3)
88.0
(0)
86.6
(1)
87.2
(3)
88.0
(0)
30/20 15 360 65.7
(3)
69.9
(1)
88.7
(0)
83.2
(3)
83.3
(1)
88.7
(0)
20 480 70.3
(3)
70.7
(1)
88.7
(0)
83.9
(3)
84.2
(1)
88.7
(0)
25 600 75.2
(3)
75.8
(1)
88.7
(0)
85.4
(3)
86.5
(1)
88.1
(0)
25 600 74.6
(3)
79.1
(1)
86.9
(0)
80.2
(3)
82.5
(1)
86.9
(0)
30/20 640 76.6
(1)
81.4
(3)
88.7
(0)
84.9
(3)
85.8
(1)
88.7
(0)
30 720 73.4
(1)
75.7
(3)
88.7
(0)
85.6
(1)
86.4
(3)
88.7
(0)
30 720 78.5
(3)
80.3
(1)
86.9
(0)
83.4
(3)
86.9
(0)
87.8
(1)
35 840 79.5
(3)
82.9
0)
86.9
(0)
84.4
(3)
86.9
(0)
87.4
(1)
40 960 73.0
(3)
82.6
(1)
86.9
(0)
86.9
(0)
88.7
(1)
90.1
(3)
1 Mean value of 6 replicates.
Note: Horizontal lines join treatments that are not significantly
different at the Po.05 significance level according to Duncan's 
multiple range test or Student's t-test.
